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Biosafety in the balance 


An accident with anthrax demonstrates that pathogen research always carries arisk of release — 
and highlights the need for rigorous scrutiny of gain-of-function flu studies. 


at the US Centers for Disease Control and Prevention (CDC) in 

Atlanta, Georgia, is troubling. Some 84 workers were potentially 
exposed to the deadly Ames strain at three CDC labs. But the incident 
will cause much wider ripples: it highlights the risks of the current pro- 
liferation of biocontainment labs and work on dangerous pathogens. 
If an accident can happen at the CDC, then it can happen anywhere. 

Details are sparse, but it seems that the anthrax was being inacti- 
vated in a biosafety-level-3 (BSL-3) high-containment lab so that it 
could be studied at the three BSL-2 labs. But live bacteria survived 
the inactivation step, and were not detected before samples were sent 
out. The CDC considers the risk that the exposed workers have been 
infected to be low, and all have been offered protective antibiotics. 

Such lab accidents are fortunately not commonplace. A CDC 
analysis in 2012 reported, for example, that there were 727 incidents 
of theft, loss or release of Select Agents and Toxins in the United States 
between 2004 and 2010, resulting in 11 laboratory-acquired infections 
and no secondary transmission (R. D. Henkel et al. Appl. Biosafety 17, 
171-180; 2012). Anthrax is contracted by direct exposure to spores, 
and does not spread between people. Much more potentially danger- 
ous are lab accidents involving agents that do. It is impossible to read 
about the CDC incident and not breathe a large sigh of relief that it did 
not involve a novel engineered pandemic influenza strain. 

Groups led by Ron Fouchier of the Erasmus Medical Center in 
Rotterdam, the Netherlands, and Yoshihiro Kawaoka of the Univer- 
sity of Wisconsin—Madison created a storm in late 2011 when they 
artificially engineered potentially pandemic forms of the H5N1 avian 
flu virus. In January last year, researchers ended a voluntary 12-month 
moratorium on such gain-of-function flu research, which can increase 
the host range, transmissibility or virulence of viruses (see Nature 493, 
460; 2013), and work resumed. 

This month, Kawaoka’s group reported that it had engineered a de 
novo flu virus from wild-avian-flu-strain genes that coded for proteins 
similar to those in the 1918 pandemic virus (T. Watanabe Cell Host 
Microbe 15, 692-705; 2014). The researchers were able to make a viru- 
lent version that could transmit between ferrets, and they concluded 
that a 1918-like virus could therefore emerge from wild avian flu viruses. 

In the century since the 1918 flu hit, no similar pandemic variant 
has emerged despite wild animal flu viruses mutating and reassorting 
incessantly. The 1918 H1N1 virus was reconstructed in 2005, but human 
immunity to it became widespread following the 2009 H1N1 pandemic. 
There are no mammalian-transmissible 1918-like avian flus in the wild; 
the only ones that exist are Kawaoka’s team’s engineered strains. 

Researchers such as Kawaoka and Fouchier argue that by engineer- 
ing mutant viruses in the lab, they can identify mutations and traits 
that allow the pathogens to spread between mammals. This in turn, 
they argue, allows assessment of the pandemic potential of animal-flu 
viruses. In the long term, such experiments could help to elucidate 


r The news last week of an accident involving live anthrax bacteria 


the mechanisms of virus transmissibility and pathogenicity. But their 
shorter-term public-health benefits have been overstated. The risks 
and benefits must therefore be carefully weighed, and rigorous over- 
sight is needed to ensure that such work is done only at facilities with 

the highest standards of biosafety. 
Other scientists argue that the concept of predicting the pandemic 
potential of flu viruses from mutations, although appealing, is simplis- 
tic. They say that the identified mutations are 


“The idea of but a handful out of millions of possible com- 
an accidental binations, many of which might also allow 
release of a mammalian transmission. They argue that 
potentially mutations in specific proteins cannot reli- 
pandemic flu ably predict traits, and that outcomes depend 
virus cannot on interactions between various other back- 
be completely ground genetic changes throughout the virus. 


These points were highlighted in a paper 
in PLoS Medicine last month (M. Lipsitch 
and A. P. Galvani PLoS Med. 11, e1001646; 2014), and in a letter by 
56 leading virologists, infectious-disease specialists and public-health 
experts to European Commission president José Manuel Barroso last 
December (see Nature http://doi.org/tdb; 2013). They also question the 
claimed public-health benefits of such research, and argue that similar 
information could be obtained through safer experiments. Opponents 
of gain-of-function flu research call, in particular, for more rigorous 
risk—benefit assessments. The CDC accident shows that, should such 
research proliferate, the idea of an accidental release of a potentially 
pandemic flu virus cannot be completely written off. This demands that 
such research proposals receive the utmost scrutiny. 

A US Government Accountability Office report released in February 
last year expressed concern that the proliferation of US high-contain- 
ment labs following the terrorist attacks of 11 September 2011 and the 
anthrax-letter attacks the same year was proceeding without a rigorous 
assessment of the nation’s real needs across all government agencies, 
universities and private companies. “Increasing the number of labora- 
tories also increases the aggregate national risk,’ it noted. No one keeps 
track, for example, of how many BSL-3 labs there are in the United 
States alone, although their number is thought to be in the thousands. 
The number of such labs is increasing in China and elsewhere. 

After smallpox was eradicated in 1980, there was a concerted inter- 
national effort to reduce the number of labs holding stocks to just two: 
one at the CDC and one at the Russian State Research Center of Virol- 
ogy and Biotechnology in Koltsovo. All research at these centres must 
be approved by the World Health Organization. The fewer the labs that 
perform experiments, the smaller is the risk of an accidental release. But 
as the CDC accident reminds us, should gain-of-function flu research 
proliferate, in particular at facilities with less than exemplary biosafety 
standards, the risks of an accidental release of a potentially pandemic 
flu virus will be multiplied. = 


written off.” 


26 JUNE 2014 | VOL 510 | NATURE | 443 


© 2014 Macmillan Publishers Limited. All rights reserved 


| THIS WEEK | EDITORIALS 
Metrics market 


Measures of research impact are improving, 
but universities should be wary of their limits. 


ith the FIFA World Cup well under way in Brazil (and 
Wes teams already on their way home) there is much 

analysis of what went wrong for some and what is going 
right for others. In a parallel effort, marketing departments across the 
globe are engaged in a final push to link the events on the field with 
their brands and products. 

The result can be a curious, even surreal, blend. Witness the 
announcement by analytics company Thomson Reuters, for instance, 
that it was kicking off its own World Cup — of research performance. 
In the first round, the firm announced that England could have 
reversed its disappointing loss against Italy had it been playing on 
the basis of research citation impact. By the same comparison, Aus- 
tralia would have defeated Chile — but the Netherlands would still 
have crushed Spain. Four more rounds of elimination will pit coun- 
tries against each other in terms of their proportion of international 
collaborations, highly cited papers and relative world impact. Who 
can wait for the United States-Switzerland semi-final? 

This gimmicky tie-in illustrates a trend that deserves attention: 
the retooling of the bibliometrics industry. Thomson Reuters was 
promoting the updated range of bibliometric indicators in its research 
analytics service, InCites. And it is not the only company to have 
refreshed its bibliometrics offerings for 2014. 

Since January, Elsevier has been promoting the next generation of 
its SciVal product, and on 12 June, Altmetric (supported by Macmillan 
Science and Education, which owns Nature Publishing Group, the pub- 
lishers of Nature) launched its own commercial offering for research 
institutions: a tool to track the online impact of faculty members’ 
academic papers. One intriguing metric that was launched in April 
for the Lens database, run by the non-profit organization Cambia in 
Canberra, allows researchers to freely examine how many patents have 
cited their papers, although currently only the life sciences are included. 


Products offered by commercial analytics firms are worth watching 
because they generally determine how research institutions track and 
assess their scholars. The latest products mean that it is now easier than 
ever to calculate a dizzying range of metrics for any group of papers — 
including aggregations of papers at the level of the individual or the 
faculty, as well as the country. 

On the plus side, this new generation of products is more 
sophisticated and takes into account the insights and criticisms of 
bibliometrics experts. The tools now tend to focus on individual 
research papers as a core unit of output, rather than the journal in 
which a paper is published. And they increasingly recognize that it is 
only meaningful to compare metrics in context: for instance, normal- 
izing for performance relative to papers of a similar age, research field 

and publication venue. 


“It is easier than But on the minus side, it is still easy to 
evertocalculate misuse these offerings. The latest breed of 
adizzying range _ bibliometrics is useful as a marketing tool 
of metrics for for individuals, as a way to spot unnoticed 
any group of pockets of excellence and, yes, even to rank 
papers.” countries or institutions in a research World 


Cup. But there is a risk that universities 
are buying increasingly sophisticated products to track their perfor- 
mance without really understanding the limitations of such metrics. 
On page 470, Jonathan Adams reviews Beyond Bibliometrics, a book 
that outlines the history and future direction of attempts to measure 
scholarly impact. The editors, Blaise Cronin and Cassidy Sugimoto, urge 
caution. Adams asks: “Even after decades of use, do we really understand 
what citation data are and what we do with them? Do those who use bib- 
liometrics have clear criteria for how they employ and interpret them?” 

As this journal has noted before (see www.nature.com/metrics), 
many researchers feel under stress from their attempts to maximize 
the metrics by which their academic success is judged. It has never been 
more important to demand clarity and transparency from research 
managers on exactly which metrics they are using to evaluate schol- 
ars, and why. With this next generation of commercial tools, it does 
not seem so fanciful to picture a senior manager somewhere in your 
research institution engaged in a kind of perpetual departmental World 
Cup, scrolling through screeds of bar charts and playing ‘fantasy faculty’ 
with the careers of researchers. = 


Storm warning 


Environmentalists are divided over whether it 
is possible to have a ‘good’ Anthropocene. 


inston Churchill called it the enemy within. Leonardo da 
Wires noted that: “As every divided kingdom falls, so every 

mind divided between many studies confounds and saps 
itself? If there is one word that sums up current attitudes to the cli- 
mate problem and society’s response to it, then it is ‘divided’ And that 
describes just the attitudes of those who agree that there is a serious 
problem to deal with. 

Those who do not accept this reality — for whatever reasons — must 
have been rubbing their hands this week as arguments raged among 
their opponents. There is a new term in town — ‘ecopragmatist’ It can 
be used both as a compliment and an insult. 

The lightning rod for the latest storm was a fairly benign talk given in 
New York this month by New York Times environment writer Andrew 
Revkin on the difficulty of applying numerical targets and goals, on 
carbon emissions say, to real-world behaviour. It might have gone largely 
unnoticed, except that Revkin included in the talk’s title the idea of a 
‘good’ Anthropocene — the informal name for the period, beginning 


444 | NATURE | VOL 510 | 26 JUNE 2014 


at the Industrial Revolution, in which humans have substantially altered 
Earth’s ecosystems. To place the words ‘good’ and ‘Anthropocene’ 
together, even with the former in quotation marks, is heresy to some. 
In Scientific American on 19 June, the Australian ethicist Clive Hamilton 
delivered a broadside against those who argue that human ingenuity, 
not behaviour change, is the best response to rising carbon emissions. 
“Such unbounded optimism is dangerous, wishful thinking,’ he wrote, 
because it plays into the hands of those who would protect the status 
quo, whatever the environmental consequences. 

Perhaps there is more to this than division along the optimism- 
pessimism axis; whether someone is the sort of person who sees an 
atmosphere half-full or half-empty of carbon dioxide. As is made clear 
ina useful report published this week by the UCL Policy Commission 
on Communicating Climate Science in London, public discussion of 
climate change has deeper psychological roots. It is “as much about 
what sort of world we wish to live in, and hence about ethics and val- 
ues, as it is about material risks to human wellbeing”. 

The report is, for want of a better word, ecopragmatic. It acknowl- 
edges an awkward truth: if climate scientists are failing to get their mes- 
sage across to the wider public, then it could be the message that is the 
problem, not the public. The authors of the report 
acknowledge that some of their conclusions are 
controversial — scientists must learn to tell stories 
rather than report cold facts, for instance — but 
they deserve discussion. = 
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WORLD VIEW .ecnisicorsen 


and economic status for centuries. The belief that the system is 
fair and meritocratic is enshrined in the long-standing motto: 
“Knowledge can change fate.” 

Yet for many of the 9.4 million Chinese teenagers who completed 
their high-school graduation exams earlier this month, the situation 
is not so simple. A damaging divide has opened between the aca- 
demic performance of young people from urban and ruralareas. This 
is unfair, restricts opportunity and could stop promising talent from 
heading into science. 

About two-thirds of the students who took the school leaving exam 
were from the countryside in 2010. But in the same year, less than one 
in five of new students at Tsinghua University in Beijing — a mem- 
ber of China’s elite C9 league of universities — were from rural areas. 
And the proportion of rural students at another 
C9 institution, Peking University in Beijing, has 
decreased from roughly 30% to 10% in the past 
decade. 

Instead, most students from the countryside 
are shunted into lower-quality colleges. For 
example, 82% of students in medium-ranking 
vocational colleges were from rural areas in 2012. 

If the highest-quality research universities 
are so dominated by urbanites, there will be a 
knock-on effect for science. Just like gender bias 
in science and engineering careers, rural students 
will be blocked from postgraduate study and 
scientific research. And this invisible barrier is 
amplified by the ‘Matthew effect’: the sociologi- 
cal phenomenon whereby the rich get richer and 
the poor get poorer. 

Indeed, some professors at Chinese universities already talk of post- 
graduates from rural areas being less creative and worse at foreign 
languages than urban rivals with identical test scores. As a direct result, 
opportunities for rural students to engage in science as a career are 
reducing, along with the national output of Chinese researchers from 
the countryside. 

If the trend we have seen over the past decade continues, educa- 
tion will lose its role as a social leveller and a safety valve that enables 
talented but poor youths to escape poverty in China. This would be 
a disaster for a country that can boast perhaps human society’s first 
attempt to promote upward social mobility and attain social equality 
through education. 

Since Ap 607, China has used official examination results to select 
people to work in the state bureaucracy with no 


P eople in China have used education to boost their social standing 


regard for family background or wealth. The DNATURE.COM 
keju exam provided an open and fair channel for _ Discuss this article 
the Chinese populace to fundamentally improve _ online at: 

their livelihood and that of their family. Thishas _go.nature.com/pg8xlb 
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Rural students are being 
left behind in China 


As the education gap between city and countryside widens, young people face 
an invisible barrier to scientific research, says Qiang Wang. 


long influenced Chinese attitudes to education and can partly explain 
why the Chinese so emphasize the importance of school work. 

The keju no longer exists, but its spirit survives in the annual gaokao 
exam, established in 1952. The exam is strictly invigilated, and its scor- 
ing process is blind. Chinese universities traditionally select students 
for admission using only gaokao results. 

A Chinese proverb vividly describes the process of changing destiny 
through hard learning as “carp leaping over the dragon's gate”. Prepar- 
ing for the ‘jump’ of the gaokao defines the early lives of many young 
people in China, especially in rural areas. 

In the past decade, fewer rural students have made that jump. The 
main culprit is the unequal distribution of educational resources in 
rural and urban areas, which starts in preschool education. Children 
in cities begin to learn foreign languages (one of the three mandated 
subjects of the gaokao) in kindergarten, whereas 
rural primary schools struggle even to find 
English teachers. 

Public investment in education is much 
lower in rural areas than in cities. For exam- 
ple, in 2011, urban primary schools received 
700 renminbi (US$112) more public funding 
per student than did rural primary schools, 
and the gap was 900 renminbi per student 
for junior high schools. Even worse, leading 
Chinese universities have adopted policies to 
admit more students from their own cities in 
the name of supporting local development, 
although most of their funding is from central 
government and thus their duty is to serve all 
citizens nationwide. 

I propose action in three areas. First, China 
must accept that the different approaches taken in rural and urban 
areas are a problem and must be unified. For example, official proce- 
dures for evaluating schools and selecting staff should be standard- 
ized. Second, China needs to redistribute educational resources. The 
government should allocate more public money to rural education 
and allow students from the countryside to take their college entrance 
examinations in urban areas. Finally, charities and other non-govern- 
mental groups could help by encouraging graduates from prestigious 
Chinese and Western universities to take up teaching positions in 
rural areas. Most such areas, especially in western China, have a severe 
shortage of teachers, let alone native English speakers. 

So far, the Chinese people seem willing to accept wide inequality 
in income as the price of economic growth. Inequality in education 
is less palatable and could trigger social unrest. It should be tackled. m 


Qiang Wang is Conjoint Professor at the Xinjiang Institute of Ecology 
and Geography of the Chinese Academy of Sciences in Urumqi. 
e-mail: giangwang7@gmail.com 
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Selections from the 
scientific literature 


RESEARCH HIGHLIGHTS 


Mutations lower 
heart-disease risk 


Two groups have found rare 
gene mutations linked to 
reduced blood fat levels anda 
lower risk of heart disease. 
The APOC3 gene codes for 
a protein that increases blood 
triglyceride levels — a known 
risk factor for heart disease. 
So, Anne Tybjaerg-Hansen at 
the Copenhagen University 
Hospital and her colleagues 
sequenced the protein-coding 
regions of the gene in more than 
10,000 people and found three 
rare mutations associated with 
low blood triglyceride levels. 
They analysed these mutations 
inan additional 65,000 people 
and found that individuals 
with any of the mutations had 
a 36-41% lower risk of heart 
disease and stroke than people 
without any of the mutations. 
Sekar Kathiresan at the 
Broad Institute in Cambridge, 
Massachusetts, and his team 
sequenced the protein- 
coding regions of nearly 
20,000 genes from more than 
3,500 participants and came 
up with four mutations in the 
same gene with similar effects. 
The findings suggest that 
lowering blood triglyceride 
levels could protect against 
heart disease. 
N. Engl. J. Med. http://doi.org/ 
$98; http://doi.org/s97 (2014) 


| NEUROSCIENCE 
Brain circuit spurs 
social behaviour 


Neuroscientists have 
pinpointed a specific set of 
neurons that connects two 
brain areas and regulates social 
behaviour in mice. 

Karl Deisseroth and 
his colleagues at Stanford 
University in California used 
a variety of technologies to 
identify the exact circuitry 


ANIMAL BEHAVIOUR 


Magnetic compass guides butterflies 


On overcast days, monarch butterflies use a 
magnetic compass to find their way south, 
making them one of only a few migratory 
insects known to sense Earth’s magnetic field. 

The eastern North American monarch 
butterflies (Danaus plexippus; pictured) use 
the Sun to guide them from southern Canada 
and the United States towards Mexico, but they 
still manage to fly in the correct direction on 
cloudy days. Steven Reppert at the University 
of Massachusetts Medical School in Worcester 
and his team studied butterflies in a flight 


involved in the behaviours 
adopted by mice encountering 
an unfamiliar mouse or object. 
The team found that activity of 
cells in the ventral tegmental 
area (VTA) region of the brain 
increased during exploration of 
both the mouse and the object. 
Stimulating the firing of the 
VTA cells that project into the 
nucleus accumbens increased 
the animals’ exploration of 
their new companion — but 
not the object. The mice also 
seem to use this circuitry for 
natural social exploration. 
Studying the brain circuits, 
and not just the molecules, 
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of light. 


involved in social behaviour 
could lead to new insight 
into some neuropsychiatric 
disorders, the authors say. 
Cell 157, 1535-1551 (2014) 


ATMOSPHERIC SCIENCE 


Arctic heat lessens 
cold snaps 


The middle latitudes of the 
Northern Hemisphere have 
experienced fewer cold snaps 
during autumn and winter, 
thanks to Arctic warming. 
Earlier studies have linked 
unusually frigid winters in 
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simulator inside an artificial magnetic field. 
The authors found that the butterflies changed 
their flight orientation when the researchers 
shifted the magnetic field, but only when the 
insects were exposed to certain wavelengths 


The insects’ antennae could contain 
magnetosensors, the authors say, adding that 
human-induced electromagnetic noise might 
disrupt the butterflies’ migration. 

Nature Commun. http://dx.doi.org/10.1038/ 
ncomms5164 (2014) 


North America and Europe 
over the past decade to changes 
in atmospheric circulation 
caused by rising Arctic 
temperatures. But when James 
Screen of the University of 
Exeter, UK, analysed global 
temperature data from 1979 

to 2013, he found that the 
frequency and severity of 
autumn and winter cold 
extremes decreased during this 
period. In these seasons, the 
coldest days in the Northern 
Hemisphere's high and middle 
latitudes have warmed faster 
than the warmest days, 
reducing overall temperature 
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variation. Climate models 
suggest that this trend will 
continue in the future. 

The rapid warming of 
northerly winds, which carry 
cold Arctic air south, could be 
dampening winter extremes, 
Screen says. 

Nature Clim. Change http://doi. 
org/s88 (2014) 


Microbes pitch in 
with synthesis 


The metabolism of living 
organisms could be harnessed 
to help construct small 
molecules, according to a team 
from Harvard University in 
Cambridge, Massachusetts. 

Chemists routinely use 
microbial enzymes as catalysts. 
But Emily Balskus and her 
colleagues instead used 
engineered Escherichia coli 
as a source of reagent. They 
combined a palladium-based 
catalyst with the hydrogen 
generated by the E. coli to add 
hydrogen to a variety of alkenes 
(which contain double-bonded 
carbon atoms). 

Although the reaction was 
not as efficient as conventional 
methods, the approach could 
produce molecules that cannot 
be made using biochemistry 
alone, the researchers argue. 
Angew. Chem. http://doi.org/ 
f2sbt2 (2014) 


Warming could 
boost air pollution 


Climate change could lead to 
increased air pollution in the 
most populated areas, thanks to 
greater stagnation of air masses 


allowing pollutants such as 
ground-level ozone to build up. 

A team led by Daniel 
Horton of Stanford University 
in California used climate 
models to study how global 
warming can produce stagnant 
air by altering atmospheric 
circulation and precipitation 
patterns. The models predict 
that air stagnation will increase 
over the rest of this century 
across most of the tropics and 
subtropics. For example, large 
swathes of India (pictured) and 
Mexico could experience more 
‘stagnation days, and longer 
lasting stagnation events. 

The areas at highest risk are 
home to roughly 55% of the 
world’s population. 

Nature Clim. Change http://doi. 
org/tch (2014) 


ASTRONOMY 


Speedy stars 
revealed nearby 


Astronomers have spotted 
28 stars that are hurtling 
through space fast enough 
to escape the Milky Way’s 
gravitational pull — the biggest 
set of such stars, and the nearest 
to Earth, so far identified. 
A team led by Jing Zhong 
of the Shanghai Astronomical 
Observatory, China, analysed 
data on star speeds gathered 
by the Large Sky Area Multi- 
Object Fiber Spectroscopic 
Telescope (LAMOST) in Hebei 
province. The scientists found 
28 stars moving faster than 
300 kilometres per second with 
respect to the galaxy. Some were 
within 1,000 parsecs of Earth. 
High-velocity stars are 
thought to gain their speed 
through gravitational 
interactions with nearby stars or 
black holes — finding so many 
of these stars could reveal which 
mechanisms are most common. 
Astrophys. J. Lett. 789, L2 (2014) 


To and from the 
Horn of Africa 


After emerging from Africa 
100,000 years ago, humans 
migrated back to the continent 
earlier than previously thought. 


RESEARCH HIGHLIGHTS MiiiSaiaa¢ 


SOCIAL SELECTION 


Popular articles 
on social media 


Secret publishing deals exposed 


Judging by the social-media reaction, researchers worldwide 
are paying attention to a report by US economists detailing the 
confidential deals that universities make with big publishers 
for electronic access to multiple journals. The prices, which can 
exceed US$1 million a year, vary hugely between institutions, 
and do not always represent a good buy. For instance, libraries 
that buy bundled deals from Elsevier (which sells more than 
2,200 journals) pay about three times more per citation than 
they do for non-profit items such as the Journal of the American 
Chemical Society. (Nature Publishing Group was not included 
in the study.) “Large commercial publishers offer v. poor value,’ 
tweeted biologist Ross Mounce of the University of Bath, UK. 
Proc. Natl Acad. Sci. USA http://doi.org/s78 (2014) 


Based on data from altmetric.com. 
Altmetric is supported by Macmillan 
Science and Education, which owns 
Nature Publishing Group. 


A team led by Ryan Raaum at 
the City University of New York 
in the Bronx compared nuclear 
genome data from several 
populations living in the Horn 
of Africa with those of humans 
from across the Middle East 
and elsewhere. Groups such as 
Ethiopians and Somalians have 
non-African ancestry that is 
distinct from that of present- 
day people of the Middle East, 
indicating that interbreeding 
between African and Middle 
Eastern people occurred more 
than just a few thousand years 
ago, as other studies have 
suggested. 

The authors conclude that 
humans were moving back to 
the Horn of Africa as early as 
23,000 years ago, before the 
advent of agriculture. 

PLoS Genetics 10, 1004393 
(2014) 


| __NEUROSCIENCE 
Tanning might 
be addictive 


Repeated visits to the beach or 
tanning salon could be signs 
of an addiction, according to a 
study in mice. 

David Fisher at the 
Massachusetts General 
Hospital in Boston and 


> NATURE.COM 
For more on 
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his team found that mice 


chronically exposed to 
ultraviolet light produced an 
opioid called B-endorphin, 
which numbs pain and is 
associated with addiction. 
The mice also showed signs of 
withdrawal, including shaky 
paws and chattering teeth, after 
treatment with an opioid- 
blocking drug. The effects of 
B-endorphin, however, were 
not as pronounced as those 
seen in earlier studies of mice 
given morphine. 

If the results hold true in 
humans, they could explain 
why many tanners (pictured) 
continue to seek out the sun, 
despite the known risks. 

Cell 157, 1527-1534 (2014) 
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SEVEN DAYS nscesins 


POLICY 


Marine reserves 

US President Barack Obama 
said on 17 June that he wants 
to expand the Pacific Remote 
Islands Marine National 
Monument, near Hawaii, from 
225,000 square kilometres 

to around 2 million square 
kilometres. Meanwhile, 
another large marine reserve, 
the Phoenix Islands Protected 
Area in Kiribati, will close to 
commercial fishing by the end 
of the year, Kiribati’s President 
Anote Tong said on 16 June. 
The area is an important 
spawning ground for tuna. 


PEOPLE 


Research fraud 

A scientist who faked HIV 
vaccine data was charged by 
US prosecutors on 19 June with 
making false statements. Dong- 
Pyou Han, a former researcher 
at Iowa State University in 
Ames, had already been found 
guilty of misconduct by the 

US Department of Health 

and Human Services’ Office 

of Research Integrity and 
banned from working with US 
government agencies for three 
years, beginning in November 
2013. Han was found to have 
added antibodies to blood from 
rabbits that had been given an 
experimental HIV vaccine, 
making it seem as if the vaccine 
had generated an immune 
response against the virus. 


Chemist fined 


Patrick Harran, a chemist at 
the University of California, 
Los Angeles, has been ordered 
to pay US$10,000 to the burns 
unit where research assistant 
Sheharbano Sangji was 
treated but died in 2009 after 

a chemical fire while working 
in Harran’s lab. The fine is part 
ofa deferred-prosecution deal 
reached on 20 June, which will 
probably spare Harran a public 
trial and jail time. Harran was 


Satellites show magnetic field in decline 


The first images from Europe’ three-satellite 
Swarm constellation show that Earth’s magnetic 
field is weakening on average by about 5% every 
century. The magnetic field shields Earth from 
charged particles emitted by the Sun. The blue 
areas in the image, released by the European 
Space Agency on 19 June, show where the field 
is weakening, most dramatically, in the Western 


charged in 2011 with “willful 
violation of an occupational 
safety and health standard 
causing the death of an 
employee’. See go.nature.com/ 
vpdwvz for more. 


} RESEARCH 
Vanishing waves 


Scientists who claimed to have 
seen gravitational waves in the 
Big Bang’s afterglow now admit 
that dust may be getting in the 
way (P. A. R. Ade et al. Phys. 
Rev. Lett. 112, 241101; 2014). 
In March, a team operating 
the BICEP2 telescope at the 
South Pole said that it had 
seen evidence of gravitational 
ripples from a period of rapid 
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expansion just after the Big 
Bang (see Nature 507, 281-283; 
2014). But critics said that the 
telescope might have been 
confused by dust floating inside 
the Milky Way. See go.nature. 
com/f6fnbo for more. 


HIV prevalence 
Epidemics of HIV infection 

in people who inject drugs are 
flourishing in one-third of the 
23 Middle Eastern and North 
African countries, finds the 
first large study on this region. 
The data, published on 17 June, 
show that, in some places, HIV 
prevalence among injecting 
drug users is among the highest 
in the world (G. R. Mumtaz 

et al. PLoS Med. http://doi. 


© 2014 Macmillan Publishers Limited. All rights reserved 


Hemisphere. The yellow and red areas indicate 
where the field is strengthening — notably, over 
the Indian Ocean. The measurements, collected 
from January to June 2014, also confirm the 
movement of the north magnetic pole from 
Canada across the Arctic towards Siberia. 
Scientists will continue to analyse the data to 
understand why the magnetic field is weakening. 


org/tcf; 2014). For example, 
in Tripoli, Libya, more than 
87% of injecting drug users 
are infected. There are around 
2 injecting drug users per 
1,000 adults in the region — a 
comparable figure to other 
parts of the world. High-risk 
behaviour, such as sharing 
needles, and low rates of 
condom use could be fuelling 
the surge, the study says. 


Graphene boost 
Europe’s Graphene Flagship 
collaboration doubled in size 
on 23 June, when the European 
Commission announced that 
66 new partners would join 


DTU SPACE/ESA 
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SOURCE: BP. 


the €1-billion (US$1.4-billion) 
initiative. Funding awards for 
2014-15 were also announced, 
with €9 million to be shared by 
21 winning proposals. Public 
and private researchers will 
work together in the decade- 
long initiative to commercialize 
graphene, a one-atom-thick 
carbon material. 


FACILITIES 


Satellite record 


The Russian rocket Dnepr 
carried 33 satellites into space 
on 19 June, a record for a single 
launch. It hauled payloads 
from 17 nations, including 
remote-sensing spacecraft 

for Spain and Kazakhstan; 

a joint US-Saudi Arabian 
mission to test technology for 
gravitational-wave detectors; 
and two Japanese probes that 
will monitor the environment 
around nuclear power plants. 
The company Planet Labs 

in San Francisco, California, 
sent up 11 craft for its planned 
network of 100 Earth-imaging 
satellites. 


EVENTS 


Ebola outbreak 


West Africa is in the grip of the 
largest-ever outbreak of disease 
caused by the Ebola virus, the 
World Health Organization 
said on 23 June. Thirty-eight 
new cases and 16 deaths have 
been reported from Guinea 
(pictured) and Sierra Leone 


TREND WATCH 


Oil remains the world’s dominant 
energy source, according to the 


BP Statistical Review of World 
Energy, released last week. Its 
share has declined steadily, 


however: from close to 50% of 


energy consumption by raw 


(or ‘primary’) fuel source in the 


1970s, to 32.9% in 2013. And 
its price has remained above 


since 14 June, and 19 new cases 
and 13 deaths from Liberia 


since 11 June. This brings the 
official total to 599 confirmed 
or suspected infections and 
338 fatalities since the outbreak 
began in March. This is the 
first known Ebola outbreak 

in West Africa; the virus was 
first reported in 1976 in the 
Democratic Republic of the 
Congo (then Zaire). 


Anthrax exposure 
Dozens of scientists working 

at the US Centers for Disease 
Control and Prevention (CDC) 
in Atlanta, Georgia, may have 
been exposed to live Bacillus 
anthracis, the bacterium that 
causes anthrax, the agency said 
on 19 June. Scientists did not 
follow proper procedures to kill 
the bacteria when preparing 
them for transportation to 
other CDC labs. Believing 

the bacteria harmless, the 

staff did not wear protective 
clothing. The labs also may 
have inadvertently allowed the 
bacteria to become airborne, 


THE HIGH PRICE OF OIL 


directly exposing about seven 
employees. Both the CDC 

and the Federal Bureau of 
Investigation are looking 

into the incident, and at least 
70 employees are being treated. 
with antibiotics. See page 443 
for more. 


Patent ruling 


The US Supreme Court moved 
to limit software patents in 

a ruling issued on 19 June. 

The case, Alice Corporation 

v. CLS Bank International, 

was a lawsuit over patents on 
programs to reduce financial 
risk in certain transactions. The 
Supreme Court said that the 
patents were invalid because 
they represented abstract ideas, 
which are not patentable. The 
decision could limit broad 
software patents that are fodder 
for patent trolls, and could have 
implications for other kinds 

of patents, including those 
covering methods for medical 
diagnosis (see Nature 507, 
410-411; 2014). 


Personal genetics 
The genetic-testing company 
23andMe in Mountain View, 
California, is trying to get 
regulatory approval for a 

test it intends to sell direct to 
consumers. On 20 June, the 
firm said that the US Food and 
Drug Administration (FDA) 
had accepted its application for 
a report on Bloom syndrome, 


Despite huge US production increases, average oil prices are at their 
highest — in real terms — since the Pennsylvania oil boom of the 1860s. 
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US$100 a barrel for three years, 
owing to disruptions to supply in 
the Middle East and Africa. Non- 
fossil sources crept up to 13.3% of 
primary energy consumption last 
year, equal to 1999 levels. 
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SEVEN DAYS | THIS WEEK | 


30 JUNE-4 JULY 

The European Week of 
Astronomy and Space 
Science is taking place 
in Geneva, Switzerland. 
go.nature.com/y9tm64 


2-9 JULY 

Physicists meet at the 
37th International 
Conference on High 
Energy Physics in 
Valencia, Spain. 
go.nature.com/22Guku 


an inherited condition that 
causes skin problems, short 
stature and elevated risk of 
cancer. The FDA had told 
23andMe to stop marketing 

its tests because the company 
had not provided information 
showing that its DNA service is 
safe and effective. 


AWARDS 


Kyoto prizewinners 
This year’s ¥50-million 
(US$500,000) Kyoto prizes 

in science have been won by 
biomedical engineer Robert 
Langer and mathematician 
and theoretical physicist Ed 
Witten. Langer was honoured 
for pioneering tissue 
engineering and Witten for 
advancing superstring theory. 
The Inamori Foundation in 
Tokyo announced the awards 
on 20 June. 


Maths prize 

Five people were awarded the 
inaugural Breakthrough Prize 
in Mathematics on 23 June. The 
awards — worth US$3 million 
each — were given for work 
largely at the intersection of 
pure maths and theoretical 
physics. They are sponsored. 
by billionaire philanthropists, 
including Internet 
entrepreneur Yuri Milner and 
Facebook co-founder Mark 
Zuckerberg. See go.nature. 
com/yijkrc for more. 
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Pan-African science 
strategy criticized over lack 
of commitments p.452 


Reanalysis Project to protect Vitamin research 
leads to comeback for failed biodiversity kicks off with | plagued by poor study 
cancer medicine p.454 pollinator study p.455 design p.462 


A fluorescent glow emitted by plants during photosynthesis is picked up by satellite imaging, emphasizing high crop productivity in the US Midwest. 


CLIMATE SCIENCE 


NASA carbon-monitoring 
orbiter readies for launch 


Satellite will map sources and sinks of greenhouse gas in unprecedented detail. 


BY LAUREN MORELLO 


will attempt to launch its first carbon- 
monitoring satellite — for the second time. 
The US$465-million Orbiting Carbon 
Observatory-2 (OCO-2) is designed to collect 
precise, high-resolution measurements of the 
carbon dioxide in Earth’s atmosphere. It is a 
near-copy ofa NASA probe that crashed in 2009 
before it reached orbit, devastating the scientists 
who had hoped to use its data to map sources 
and sinks of the greenhouse gas — both man- 
made and natural — in unprecedented detail. 


|: everything goes to plan, on 1 July NASA 


Once OCO-2 reaches orbit, its spectrometer 
will sample a column of air extending from 
the upper atmosphere down to Earth’s surface, 
taking hundreds of thousands of measure- 
ments each day and covering the entire globe 
every 16 days. Although it will not be the first 
probe to track CO, from space, the satellite 
will do so at a higher resolution than its pre- 
decessors. Each OCO-2 reading will sample 
a column of the atmosphere above roughly 
3 square kilometres of Earth’s surface — much 
smaller than the 85-square-kilometre foot- 
print of a similar Japanese probe, the Green- 
house Gases Observing Satellite (GOSAT), 
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which launched in 2009 and is still operating. 

This unprecedented resolution allows 
OCO-2 to measure CO, more accurately in 
cloudy areas such as the tropics, says Annmarie 
Eldering, OCO-2’s deputy project scientist at 
NASASs Jet Propulsion Laboratory in Pasadena, 
California. Others hope that it will also allow 
OCO-2 to go beyond large natural sources and 
sinks, such as oceans and forests, to detect CO, 
emanating from sprawling urban areas or even 
large power plants. 

“We should clearly be able to see large 
metropolitan ‘super-cities’ like Los Ange- 
les,’ says Paul Wennberg, an atmospheric 
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EYE ON EMISSIONS 


The launch of NASA's Orbiting Carbon Observatory-2 (OCO-2) will provide the most-detailed data yet on 
Earth’s atmospheric carbon dioxide levels. Several other satellites are already in development to extend 


this space-based monitoring. 


ASCENDS 

This NASA mission in 
development would 
expand on OCO-2’s 
CO;-monitoring 
capability. 


GOSAT-2 


in 2017. 


Laser altimeter 
allows data collection 
at night and at high 
latitudes. 


Laser beam 


> scientist at the California Institute of 
Technology in Pasadena who helped to develop 
the network of ground-based monitoring sta- 
tions that will be used to test the quality of 
OCO-2’s data. He hopes that the satellite will 
be able to confirm ground-based measurements 
that show a small increase in CO, levels above 
Pasadena each day as emissions from the greater 
Los Angeles area pool in the low atmosphere. 
Such data, combined with ground moni- 
toring and inventories of fossil-fuel consump- 
tion, could be a powerful tool for pinpointing 
greenhouse-gas sources, says Kevin Gurney, a 
carbon biogeochemist at Arizona State Univer- 
sity in Tempe. “When we talk to policy-makers 
they say, ‘One number for the whole city is 
lovely, but we need to know what is emitting.” 
OCO-2 will also closely monitor the carbon 
uptake of plants by measuring the weak fluo- 
rescence that is produced during photosyn- 
thesis as plants’ chlorophyll pigments absorb 
light to capture energy and subsequently re- 
emit photons at longer wavelengths. Research- 
ers have already tested the method using 


The Japanese Aerospace 
Exploration Agency plans 
to launch this CO,- and 
methane-tracking probe 


pag 


Spectrometers 
measure sunlight 
absorbed by CO, 
molecules. 


CARBONSAT 


One of two candidate 
missions for a 2021 launch 
by the European Space 
Agency, this probe would 
monitor CO, and methane. 


Reflected 
sunlight 


observations from GOSAT and the Global 
Ozone Monitoring Experiment 2 (GOME-2) 
instrument aboard the European meteoro- 
logical satellite MetOp-A — with surprising 
results. An analysis of GOME-2 data published 
in April suggests that carbon-cycle models 
underestimate peak photosynthetic output by 
as much as 50-75% in parts of India, China 
and the African Sahel, and by 40-60% in the 
‘corn belt’ of the US Midwest, which accounts 
for more than 40% of the world’s maize (corn) 
production (L. Guanter et al. Proc. Natl Acad. 
Sci. USA 111, E1327-E1333; 2014). 

The results “jumped out at us right away’, 
says Joanna Joiner, an atmospheric physicist 
at the NASA Goddard Space Flight Center 
in Greenbelt, Maryland, and co-author of 
the study. Joiner, who helped to develop the 
space-based method for monitoring plant flu- 
orescence, is eager to take measurements using 
OCO-2, the small footprint of which should 
allow researchers to detect fluorescence signals 
from plants in more fragmented landscapes 
such as Europe’s. Analyses by GOSAT and 


GOME-2 have been limited to vast expanses 
such as North America’s boreal forests, the 
Amazon rainforest and the US corn belt. 

OCO-2 is designed to last just two years, 
although NASA has loaded the probe with 
enough fuel to keep it running for 10 to 
12 years. The space agency is developing 
another CO,-observing satellite, the Active 
Sensing of CO, Emissions over Nights, Days 
and Seasons (ASCENDS) mission, to fol- 
low OCO-2. The multifrequency laser on 
ASCENDS would allow researchers to meas- 
ure atmospheric CO, at night and at high 
latitudes in all seasons, something that the 
spectrometers on GOSAT and OCO-2 can- 
not manage, because they require sunlight to 
detect the characteristic absorption signal of 
CO, (see ‘Eye on emissions’). Both Japan and 
Europe are also developing next-generation 
CO,-monitoring satellites. 

NASA hopes to install a duplicate of the 
OCO-2 instrument (originally built as a flight 
spare) on the International Space Station in 
2017, at a cost of roughly $120 million. The 
station’s low-Earth orbit would allow the spec- 
trometer — dubbed OCO-3 — to gather data 
at different times of day from OCO-2, which 
follows a Sun-synchronous path and thus 
passes over areas in their early afternoons. 
Wennberg says that combining such measure- 
ments with OCO-2 data could help researchers 
to detect hourly variations in CO, production 
caused by plant photosynthesis — or even by 
rush-hour traffic in some large urban areas. 

Plans for OCO-3 were dealt a blow in March, 
when US President Barack Obama proposed a 
NASA budget that did not include funding for 
the carbon-sensing project. But the agency says 
that it could revive OCO-3 if money becomes 
available. “We hope to get back to OCO-3,” 
says Betsy Edwards, programme executive for 
OCO-2 at NASA in Washington DC. “We are 
putting it into a position where we could do 
that at any time.” m 


Africa science plan attacked 


Proposed innovation strategy is low on detail and commitments from governments. 


BY LINDA NORDLING 


ten-year pan-African science and inno- 
vation strategy that heads of state are 
expected to adopt this week. 

The Science, Technology and Innovation 
Strategy for Africa (STISA), proposed by the 
African Union (AU) continental grouping, 
aims to prioritize the use of research to drive 


cientists have raised concerns about a 
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economic and social development across the 
continent. It will commit signatory countries 
to six goals, including tackling hunger, disease 
and unemployment, and will set up structures 
that give research and development organiza- 
tions leverage to pursue them. 

But critics fear that the strategy’s top- 
heavy administrative structure and lack of 
firm pledges may render it ineffective. They 
also think that its aims may be beyond the 
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continent's limited resources, especially given 
that it contains few financial commitments. 

“The majority of the document talks about 
governing structures and their responsibilities, 
and very little about implementation,’ says 
Paul van Gardingen, who studies international 
development at the University of Edinburgh, 
UK. “It’s like trying to reach Mars whilst talk- 
ing about who is responsible for designing the 
hot-air balloon to take you there.” 


SVEN TORFINN/PANOS PICTURES 


SOURCE: AFRICAN INNOVATION OUTLOOK II/OECD 
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Africa’s research-publication output is small, 
but growing faster than the world average. The 
share of global scientific papers with at least 
one African author went from 1.2% a year in 
1996 to 2.3% in 2012, with the number of such 
papers quadrupling from about 12,500 a year 
to 52,000. 

STISA, which is likely to be signed off during 
this week’s AU summit in Malabo, Equatorial 
Guinea, aims to turn this intellectual capacity 
into a “tool and enabler for achieving conti- 
nental development goals”. But the document, 
drafted by the AU and a group of African 
science policy-makers, does not give much 
detail on how this vision will be achieved. 

It mentions the need to invest in new labo- 
ratories and other infrastructure, expand 
graduate and technical training programmes 
and create an “enabling environment” for 
technology transfer. But it does not commit 
governments to concrete spending or training 
targets. Nor does it provide a budget, indicat- 
ing only that funds need to be sought from 
both inside and outside Africa. It reiterates a 
near-decade-old ambition to raise AU member 
states’ spending on research and development 
to 1% of gross domestic product — a target that 
few have achieved (see ‘Continental divide). 

Success of the strategy will depend on the 
quality of research projects in individual 
countries. To help scientists to gain domes- 
tic support for research programmes, STISA 
plans to set up a research and innovation 
council that will bring together academies 
and funders to coordinate national activities. 
It will also take control of a European Union- 
funded competitive granting scheme that has 
spent almost €14 million (US$19 million) on 
research projects in water and sanitation, agri- 
culture and energy. 

Critics ask whether the new council is 
necessary. “The current structures look very 
top-heavy and could be far too expensive for 
the limited investments likely to be realized in 
the early years,’ says van Gardingen. 

John Mugabe, a technology-studies spe- 
cialist at the University of Pretoria in South 
Africa, is also sceptical. “I would prefer the 
use of existing institutions such as the African 
Academy of Sciences and national academies 
to mobilize technical expertise for programme 
design and implementation,” he says. But 
Abdul-Hakim Elwaer, director of administra- 
tion and human-resources management at the 
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Crop research is one of several sectors set to benefit from a proposed African science strategy. 


African Union Commission in Addis Ababa, 
Ethiopia, notes that not all African countries 
are involved in the African Academy of Sci- 
ences, whereas all AU member states will be 
represented by the council. 

Despite their concerns, critics agree that 
STISA is an improvement on its predecessor, 
Africa's Science and Technology Consolidated 
Plan of Action (CPA). Launched in 2005 and 
adopted by the AU in 2006, it established 


CONTINENTAL DIVIDE 


A sample of leading African science spenders 
shows that they lagged behind many major 
economies in gross domestic expenditure on 
research and development (GERD) in 2010. 
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the competitive research grants scheme and 
several networks of research excellence. But 
a review in 2013 found that the CPA had 
failed to link with other pan-African poli- 
cies, such as continent-wide agriculture and 
environmental-protection projects with 
research programmes of their own. It also fell 
short of raising the funds needed for its full 
implementation. 

Mugabe, who helped to spearhead the CPA, 
expects funding to be a problem for STISA, 
too. “It fails to address the big issue, which is 
the financing of science, technology and inno- 
vation in Africa by African governments,’ he 
says. The absence of commitments mean that 
heads of state will probably adopt it without 
much debate, he adds, and governments will 
be able to ignore it easily thereafter. 

Daan du Toit, head of international 
cooperation and resources at South Africa’s 
Department of Science and Technology, is 
more positive. He says that the CPA gener- 
ated political support for science that paid off 
in the continent's successful bid to co-host the 
Square Kilometre Array, a US$2-billion radio- 
telescope project being built in South Africa 
and Australia. 

The latest strategy will provide a similar 
political basis on which to build future part- 
nerships, he says. “STISA will be a very strong 
mandate. You can squabble about the detail, 
but the overall vision is most important? m 
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DRUG DEVELOPMENT 


Resurrected cancer drug 
faces regulators 


Despite a chequered history, olaparib is finally before the US Food and Drug Administration. 


BY HEIDI LEDFORD 


cancer drug once lauded as a shining 
Az of translational research but 

cast aside after a disappointing clinical 
trial may be rising from the ashes. 

Olaparib was one of the first drugs to tar- 
get enzymes that repair broken strands of 
DNA. This week it is facing scrutiny by a US 
Food and Drug Administration (FDA) advi- 
sory panel, in a meeting that could shape the 
agency’s decision over whether to approve 
the drug later this year for use in a subset of 
ovarian cancers. 

The maker of the drug, AstraZeneca in 
London, is not the only party eagerly await- 
ing the verdict. Academic researchers who 
think olaparib still has merit and a handful 
of companies that are developing similar 
drugs are also on high alert. Although the 
disappointing results led AstraZeneca to halt 
clinical tests of olaparib in 2012, a reanaly- 
sis' of data from the largest completed trial? 
has reignited interest in the class of drug — 
known as poly(ADP-ribose) polymerase, or 
PARP, inhibitors. 

“Two and a half years ago, this drug was 
dead,” says Michael Birrer, an oncologist at 
Massachusetts General Hospital in Boston. 
“Now it’s: ‘Here a PARP, there a PARP, every- 
where a PARP-PARP”” 


GOLDEN OPPORTUNITY 
Olaparib is the product of almost halfa century 
of research showing that PARPs help to mend 
DNA damage. Left unmended, breaks in both 
strands of DNA’s double helix can trigger cell 
death. Inhibiting 


the enzymes’ action “It’s become 
is unlikely to kill aposter child 
healthy cells, because in how not to 


they have multiple 
pathways to fix bro- 
ken DNA. But cancer cells sometimes have 
mutations that knock out other types of repair, 
making them particularly sensitive to PARP 
inhibition. So a drug with this mechanism 
would target cancer cells and bypass healthy 
ones, avoiding some of the toxic side effects of 
conventional chemotherapy. 

Studies done in mice’ and cells* suggested 
that PARP inhibitors would be most effective 
in patients who carry specific variants of the 


develop a drug.” 
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PARPs (purple and green) are 
enzymes that repair breaks in DNA 
(red and yellow). 


BRCAI or BRCA2 genes, which 
are associated with 
some aggressive 
forms of breast 
and ovarian 
cancer and encode 
proteins involved in 
DNA repair. 

But AstraZeneca had 
seen evidence that olapa- 
rib might combat a wider 
range of ovarian cancers’, so it decided 
not to restrict enrolment in its clinical 
trial to patients with BRCA mutations. 
When the trial showed no signs that 
olaparib lengthened lives, many 
researchers believed that a possi- 
ble benefit against BRCA-variant 
cancers had been drowned out. 
“It’s become a poster child 
in how not to develop a 
drug,” says Birrer. 

Around the same 
time, another purported 
PARP inhibitor called 
iniparib, developed by 
Sanofi in Paris, was also failing 
in clinical trials. Researchers 
would later show that iniparib was nota 
true PARP inhibitor, but by then, interest in the 
drug class had been sapped (see Nature 483, 
519; 2012). “It dirtied the waters,’ says Scott 
Kaufmann, an ovarian-cancer researcher at the 
Mayo Clinic in Rochester, Minnesota. 

AstraZeneca halted its PARP programme, 
and other major pharmaceutical companies 
sold off theirs. The promise of a less-toxic 
treatment for ovarian cancer seemed to have 
vanished. “We all just groaned,” says Birrer. 
“And the patients were screaming” 

That changed when oncologist Jonathan 
Ledermann of the University College Lon- 
don Cancer Institute reanalysed the trial 
data, this time focusing on patients with 
cancer-linked BRCA1 or BRCA2 mutations. 
The results, announced last year and pub- 
lished in May’, showed that although olapa- 
rib did not lengthen survival in patients with 
the mutations, it did slow cancer growth. 
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AstraZeneca, now with new leader- 
ship, relaunched its research and 
announced two late-stage clini- 
cal trials of the drug. 
Those trials are still recruit- 
ing patients, so the FDA advis- 
ers are evaluating olaparib 
largely through Ledermann’s 
reanalysis. He attributes the lack 
of survival benefit to factors in 
the trial design: many patients are 
still alive, and many in the placebo 
group asked to be told their treat- 
ment group and then left the trial to 
find one that would allow them access 
to a PARP inhibitor, making the data 
difficult to analyse. But the 
FDA generally requires 
survival improvements 
to approve a drug, so 
many are interested to 
see how the agency 
will weigh up those 
explanations. 
As olaparib goes 
under the micro- 
scope, researchers continue 
to try to find ways to improve PARP 
inhibitors by combining them with 
other drugs or by finding the patients 
who are most likely to benefit from them. 
Clovis Oncology of Boulder, Colorado, 
is now developing a way to identify patients 
whose cancers show evidence of faulty DNA 
repair, even if they do not have mutations in 
BRCA1 and BRCAZ2. If these patients respond 
to the inhibitor it is developing, called ruca- 
parib, it could broaden the number of people 
who will benefit from the drugs. 

Despite the dismal prospects two years ago, 
interest in the field has never been higher, says 
Guy Poirier, a biochemist at Laval University 
in Quebec, Canada, who has studied PARPs 
for 40 years. “I think we're just seeing the 
beginning” = 
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. Gelmon, K. A. et al. Lancet Oncol. 12, 852-861 
(2011). 


om 


ALFRED PASIEKA/SPL 


JOHN KIMBLER/NATIONAL GEOGRAPHIC 


The first in a series of new global biodiversity assessments will focus on pollinators such as bees. 


‘Life on Earth’ project 
gets under way 


Assessments by international biodiversity group aim to halt 
damage to world’s ecosystems. 


BY NATASHA GILBERT 


n international push to protect global 
Aes will take centre stage in 

Bonn, Germany, next week as research- 
ers gather to discuss its first project — assessing 
the health of bees and other pollinators. 

The Intergovernmental Platform on Bio- 
diversity and Ecosystem Services (IPBES) in 
Bonn aims to halt attacks on ecosystems and 
track the ecological health of the planet. As 
part of its first scientific meeting, scientists will 
thrash out the details of the pollinator assess- 
ment, which includes analyses of the causes 
of the decline in bee populations and how it 
might affect food production. 

The review is the first in a series of ambi- 
tious biodiversity assessments that IPBES 
hopes will inform policy decisions. The 
platform's high-level international leader- 
ship makes it more likely that its results will 
be taken seriously, says executive secretary 
Anne Larigauderie. 

Governments established IPBES in 2012 
in response to concerns from the scientific 
community about the lack of international 
efforts to tackle threats to biodiversity. It now 
has 118 member nations. Modelled on the 


Intergovernmental Panel on Climate Change 
(IPCC), IPBES brings together scientists and 
decision-makers to monitor the state of the 
world’s biodiversity and natural resources. 
There is a sense of urgency to the work; for 
example, the amount of land lost to soil ero- 
sion jumped from 15% in 1991 to 24% in 2008. 

One of the platform's key tasks is to assess 
scientific, social and local knowledge of the 
diversity of life on Earth, and predict how 
ecological changes will affect ecosystems and 
people. Like the IPCC, the platform will not 
conduct its own research; instead, it will build 
on existing work, such as the 2005 United 
Nations Millennium Ecosystem Assessment. 
IPBES aims to feed its conclusions into policy 
debates on how to protect ecosystems and 
pursue sustainable economic growth. 

The pollinator study will be followed by one 
on biodiversity modelling, which will be dis- 
cussed by a separate group of scientists in the 
Netherlands in October. It will review existing 
ways of evaluating ecological diversity, includ- 
ing computer simulations and measures of spe- 
cies abundance used to compile, for example, 
the Red List of Threatened Species, drawn up 
by the International Union for Conservation of 
Nature (IUCN), based in Gland, Switzerland. 
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The assessment will also explore the need 
for more complex simulations of ecological 
processes and their outcomes. These could 
use economic and social parameters simi- 
lar to those developed for the IPCC, such as 
population growth rates or per capita food 
consumption. That would improve the ability 
of ecologists to predict future trends in bio- 
diversity, gauge their impact on society and 
compare different scenarios. 

Larigauderie says that IPBES aims to com- 
plete its first two assessments by the end of 
2015, a goal that she acknowledges is “very 
ambitious”. Future candidates for assessment, 
to be discussed at an IPBES meeting in Janu- 
ary, include land degradation and restoration; 
regional assessments of regions such as Africa 
or Europe; and invasive species. 

In all its reviews, IPBES will aim to identify 
gaps in scientific knowledge. It plans to help 
fill these by holding annual meetings with 
research organizations and funding agencies 
to discuss its findings and suggest where future 
research efforts are needed. 

IPBES aims to stand out from other bio- 
diversity assessments — as well as from the 
IPCC — by incorporating traditional knowl- 
edge and social science in its assessments. The 
former is often overlooked by scientists, says 
Douglas Nakashima, chief of the indigenous 
knowledge unit at the Paris-based United 
Nations Educational, Scientific and Cultural 
Organization. But there are many examples of 
such knowledge of local ecosystems turning 
out to be of great value, he adds. 

Nakashima, who will be assisting IPBES’s 
work in this area, points to the use of fire 
by Australian Aborigines to manage tropi- 
cal savannas as an example. Scientists had 
once thought that fire was damaging to the 
environment, but they now realize that it 
helps key species to propagate. The ability to 
incorporate such knowledge “will be bea 
key measure of the platform’s success’, says 
Larigauderie. 

But Thomas Brooks, head of science at the 
IUCN, is worried that the platform's budget — 
US$43.5 million over five years, half of which 
has been pledged so far — is “much too small”. 
He fears that the lion’s share will go towards 
assessments, leaving little for activities such 
as boosting monitoring capabilities in poor 
countries. “There needs to be a more balanced 
allocation,” he says. 

Brooks also urges IPBES to develop guide- 
lines to enable partners such as the IUCN to 
offer expertise and in-kind contributions, such 
as providing staff, to the assessments. 

Larigauderie says that about 40% of funds 
— roughly $1.2 million in 2014 — will go to 
boosting monitoring capabilities, and adds 
that guidelines for partnerships, which should 
not preclude in-kind contributions, are likely 
to be finalized at the IPBES meeting in Janu- 
ary. The biodiversity effort, she says, is open 
for business. m 
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Computer programs are being developed to stitch together images of brain slices to map neural circuits. 
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Brain wave 
hits California 


State creates programme to boost neuroscience innovation. 


BY HELEN SHEN 


s US science agencies firm up plans for 
LA: national ten-year neuroscience initia- 

tive, California is launching an ambi- 
tious project of its own. On 20 June, governor 
Jerry Brown signed into law a state budget that 
allocates US$2 million to establish the Califor- 
nia Blueprint for Research to Advance Innova- 
tions in Neuroscience (Cal-BRAIN) project. 

Cal-BRAIN is the first state-wide programme 
to piggyback on the national Brain Research 
through Advancing Innovative Neurotech- 
nologies (BRAIN) initiative announced by US 
President Barack Obama in April 2013 (see 
Nature 503, 26-28; 2013). The national project 
is backed this year by $110 million in public 
funding from the National Institutes of Health 
(NIH), the Defense Advanced Research Projects 
Agency (DARPA) and the National Science 
Foundation (NSF). 

California researchers and lawmakers hope 
that the state's relatively modest one-time outlay 
will pave the way for a larger multiyear endeav- 
our that gives its scientists an edge in securing 
grants from the national initiative. “It’s a drop 
in the bucket, but it’s an important start,’ says 
Zack Lynch, executive director of the Neuro- 
technology Industry Organization, an advocacy 
group in San Francisco, California. 

Cal-BRAIN sets itself apart from the 
national effort by explicitly seeking industry 
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involvement. The proposal emphasizes the 
potential economic benefits of neuroscience 
research and calls for the formation of a pro- 
gramme to facilitate the translation of any dis- 
coveries into commercial applications. 

“It’s been difficult for the national initiative, 
particularly the NIH, to figure out exactly how 
to partner with the private sector,’ says Story 
Landis, director of the National Institute of 
Neurological Disorders and Stroke in Bethesda, 
Maryland. “In California, there’s a really good 
history of these partnerships.” 

The NIH has so far committed $40 million 
towards the ten-year national programme, with 
DARPA contributing $50 million and the NSF 
adding another $20 million. Many neuroscien- 
tists say that this budget is much too small; on 
6 June, scientific advisers to the NIH recom- 
mended that the agency increase its annual 
share to ten times the present value by 2020 and 
to $500 million a year for the five years after that. 

The national initiative also involves private 
institutions, including two in California: the 
Salk Institute for Biological Studies in La Jolla 
and the philanthropic Kavli Foundation in 
Oxnard have committed $68 million over the 
project’s lifetime. 

“It just makes natural sense that California 
would be involved in a very serious way with 
the federal effort,” says Democratic state senator 
Ellen Corbett, who introduced the legal provi- 
sions to create Cal-BRAIN. 
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Google, of Mountain View, California, is 
particularly interested in working with scientists 
on brain-inspired computing and on brain- 
mapping algorithms. The company is already 
collaborating with the Allen Institute for Brain 
Science in Seattle, Washington, to design better 
computer programs for building connectomes 
— three-dimensional maps of neural circuits — 
from images of brain slices. 

“We would love to one day provide a service 
to universities in California and perhaps even 
companies, where they would give us their data, 
we would process it for them, and provide them 
with their connectome,’ says Thomas Dean, a 
research scientist at Google. 

Many researchers have drawn parallels 
between Cal-BRAIN and the California Insti- 
tute for Regenerative Medicine (CIRM), a stem- 
cell agency in San Francisco. But the analogy 
is not perfect: CIRM, established in 2004 and 
intended to support projects then ineligible 
for federal grants, has enjoyed the security of 
a $3-billion commitment from the state over 
ten years. Cal-BRAIN’s $2 million in guaran- 
teed funding is likely to disappear quickly, so 
its organizers will have to work fast to set up the 
programme and secure further support. 

“Uncertainty of funding, that is the biggest 
difference between this and CIRM; says former 
CIRM science director Arlene Chiu. 

The University of California has been tapped 
to coordinate Cal-BRAIN and to develop a 
governing structure with help from other uni- 
versities, laboratories and businesses. The gov- 
erning body would then craft a scientific plan 
and establish a competitive grants programme. 
Brooke Converse, a spokeswoman for the uni- 
versity, says that it is too early to reveal who 
might be involved in the planning process, how 
much of the budget would be spent on admin- 
istration and how much would be left for grants. 

“I don’t think it’s going to fund a lot of 
research, but it may be a way of starting to get 
organized,’ says Ralph Greenspan, associate 
director of the Kavli Institute for Brain and 
Mind at the University of California, San Diego. 

Other states are watching with interest. In 
New York, scientists have been quietly meeting 
with lawmakers to discuss a similar initiative. 
Rafael Yuste, a neuroscientist at Columbia Uni- 
versity in New York City whose ideas helped to 
spawn the US BRAIN Initiative, says that he 
and other researchers in the state are pushing 
for a neurotechnology research incubator in 
New York. “I’m sure that there will be other 
states that will feel that they need to do this as 
well? says Landis. m 


CORRECTION 

The Editorial ‘Summer skills’ (Nature 510, 
312; 2014) said that only one Romanian 
student was selected for the summer 
school this year. In fact, two students from 
Romanian institutions made it through. 
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Close collaborators 


Romance often sparks between 
colleagues, and scientists are 
no different. Nature profiles 
four super-couples who have 
combined love and the lab. 


BY KERRI SMITH 


hen physicists Claudia Felser and 

Stuart Parkin were introduced at 

a conference on applied magnet- 

ics, they felt an immediate attrac- 

tion. But then, standing outside the 

Amsterdam conference centre, they 
started talking shop. It did not go well. 

Parkin was interested in finding materials he could use to 
make miniature data-storage devices. Felser espoused the bene- 
fits of her pet topic: Heusler compounds, alloys with modifiable 
magnetic properties. “But he was not interested!” she laughs. 
Parkin thought that the compounds sounded as though they 
would be too difficult to interface with other materials. “So this 
was not a successful introduction,” Felser says. 

But the two kept in touch. And as Felser shared her growing 
knowledge about the semiconductor and quantum properties 
of Heusler compounds, Parkin grew more curious about the 
molecules — and about Felser. At the end of 2009, she decided to 
take a sabbatical from Johannes Gutenberg University in Mainz, 
Germany, to work at the headquarters of IBM in San Jose, Cali- 
fornia, where Parkin worked. “I invited her to stay with me,” 
Parkin says. They were a couple from then on. “So this was more 
or less how it started and we're still working together,” he says. 

Felser and Parkin are one of thousands of couples who met 
through science. According to a 2010 survey by the US National 
Science Foundation, just over one-quarter of married people 
with doctorates had a spouse working in science or engineer- 
ing’. Such partnerships are on the rise: in 1993, the proportion 
was one-fifth. More and more institutions are hiring couples. 
A 2008 survey’ of around 9,000 US researchers found that the 
proportion of hires that went to couples rose from 3% in the 
1970s to 13% in the 2000s. And data from the online dating ser- 
vice PlentyOfFish reveal that users with a graduate degree are 
three times more likely than the average user to form a couple 
with someone with a similar level of education. 

Collaboration is key to the scientific process, but when col- 
laborators are romantic partners, that relationship offers some 
unique advantages — a deep understanding of each other's per- 
sonality and motivations — as well as the risk that work will 
dominate conversation at the dinner table. Here Nature talks 
to four couples about how they have managed to blend their 
science and lives. 
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MATERIALS AND AIR MILES 


fter Felser returned from her sab- Claudia Felser and 

batical, she and Parkin began Stuart Parkin in the 

racking up air miles. And Parkin’s Gobi Desert in 2011. 
practical attitude rubbed off on Felser. “As 
a chemist you want to understand bonding, you want to find new 
synthesis methods. But you don’t think deeply about applications,’ 
she says. Now, she started to also consider the material's cost and 
stability. As a result, companies lined up to work with her. “You really 
learn to think differently,’ she says. In 2011, the couple published 
a paper’ on Heusler compounds and their potential in spintronics, 
a discipline that makes use of electrical fields to manipulate the 
spin of electrons. 

Over the past few years Felser and Parkin have managed to spend 
up to one-quarter of their time together. Conferences and meetings 
became fruitful ways of meeting up. “As soon as people recognized 
that were are a couple, they started to invite us together to confer- 
ences. It was very good,’ Felser says. 

Felser’s employers — she is now director of the Max Planck 
Institute for Chemical Physics in Dresden — even realized that 
they might be able to persuade Parkin to accept a position in Ger- 
many. After many years on different continents, he is finally making 
arrangements to move, having been appointed director of the Max 
Planck Institute for Microstructure Physics in Halle. In April, he was 
awarded the Finnish Academy of Technology's Millennium Technol- 
ogy Prize, and plans to put part of the €1 million (US$1.4 million) in 
prize money towards building a house by the river in Halle. They plan 
to marry in December — on Stuart's birthday, “so | won't forget”, 
he says. It will be their first place together. “Lufthansa and United 
will be very unhappy, Parkin says. 
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NEURONAL CONNECTION 


ily and Yuh-Nung Jan have made their career studying cell division. 
L But they themselves are inseparable. They start their sentences with 

‘we or ‘our. Even their labs are joined. They met in 1967 in their 
native Taiwan when both were studying physics. Yuh-Nung had just got 
his bachelor’s degree and his class was taking a celebratory hiking trip in 
the mountains. Joining them was a student from the class below: Lily. She 
had jumped ahead a year, catching up with Yuh-Nung, and was applying 
for graduate school, too. “I have a theory that quite a lot of her classmates 
were intimidated by her,’ says Yuh-Nung. “But I didn’t know better?” 

Both got places studying physics at the California Institute of Technol- 
ogy (Caltech) in Pasadena. They were an item, but spent their first three 
years in separate dorms. Not long after they started work, a physicist- 
turned-biologist came to their department to give a seminar, and made 
them rethink their career choice. “Back in Taiwan we were not exposed 
to modern biology,’ says Yuh-Nung. “At Caltech, that was our first time. 
I guess it was good timing because biology was getting really interesting.” 
Besides, he adds, tongue in cheek, they were over the hill as physicists. “All 
the great ones do something really important very early in their career, in 
their twenties, and wed already reached that age.” 

Inamonth they had made the switch to cell biology, and after pursuing 
separate thesis projects, began to collaborate. In 1971, they married. It was 
avery low-key ceremony at the Los Angeles courthouse — costing just 
US$6 for the licence and parking — and they celebrated by going camping 
and hiking in Yosemite National Park. 

In 1979, they moved to the University of California, San Francisco. And 
having spent several years working in the same labs on similar projects, 
it was natural for them to run a lab together. 

There were cases of too many cooks spoiling the broth. “In the very 
beginning, we both would sit with a postdoc or a student, and that cer- 
tainly didn’t work because no two people have the same idea,’ says Lily. 
“Tt very quickly evolved into an argument. The student was just looking 
back and forth” 

Their interests overlapped heavily, but were sufficiently different that it 
made sense for Lily and Yuh-Nung to take the lead on different strands of 
the same problem: how brain cells divide. They now run adjoining labs, 
supervise 29 researchers and consistently produce publications in top 
journals. Lily focuses on ion channels and Yuh-Nung on cell morphology 
and, increasingly, function. 

The Jans feel that being a couple gives them benefits over and above 


non-romantic collaborators. “It’s not the sum of 


Yuh-Nung and Lily 
Jan in their shared 
office in the early 
1980s. 


two parts, its much better than that? says Lily. 
She puts their success down to “very consistent 
long-term camaraderie” And the pairing is cer- 
tainly convenient. “Because whenever you think 
of something,” she says, “it could be at home or at work, you can more 
easily discuss the questions.” Yuh-Nung adds, “We've been together more 
than 40 years and I feel very lucky to have her asa partner.” 

Their relationship seems to have served as a template for their col- 
leagues. “There were some romances that started in the lab,” says Lily. 
“More than one,’ Yuh-Nung says. “There have been kids born during 
the time their parents were in our lab, he says. “We lost track, but at some 
point we're going to put together an album?” 


FAMILY TREES 


ew researchers can claim to have established a new field of 
F science — let alone to have done so with their spouse. But that 

is exactly what evolutionary biologist Mark Pagel and anthro- 
pologist Ruth Mace did. They are the pioneers of using phylogenies 
— evolutionary trees — in anthropology, seeking to explain human 
cultures and behaviour as if they were evolving species. 

When they first met, in the zoology department at the University of 
Oxford, UK, in the late 1980s, their work had little overlap. Mace was 
working on animal biology and Pagel was developing ways to analyse 
species relatedness. Both were heavily influenced by the evolutionary 
biology they were studying. British evolutionists, particularly, were 
known for their views on the power of adapta- 
tion and natural selection to explain behaviour. 
“We're both out of that church,” says Mace. 
They first met at the department morning > 


Ruth Mace, Mark 
Pagel and their son 
Thomas in 1994. 
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> break, which provided ample time to discuss their ideas. “Those 
were the days,” Mace recalls. “The entire department would have mas- 
sive amounts of coffee for an hour.” 

Several years later, Pagel and Mace co-authored a paper’ that used 
phylogenetic methods to analyse human cultures, and argued that just 
as zoologists use genetics to look at species evolution, anthropologists 
could use languages to study human cultural evolution. The same year, 
their first son was born, adding a twig to their own tree of life. 

Although they still collaborate on articles and research projects 


DREAM TEAM 


ometimes during his graduate work in marine ecology, Boris 

Worm would solve problems in his sleep. On waking, he would 

tell his partner, Heike Lotze, about his dream. A marine ecolo- 
gist herself, Lotze served as a sleepy sounding board. “You know how 
you forget dreams in the morning. But if there's somebody next to you, 
you can tell them right away,’ says Worm. 

The ecologists believe that their relationship has helped them to 
shape the early phases of their work in ways that would not be possible 
in anon-romantic collaboration. “We can share ideas as they emerge, 
very raw, very unfinished and some of it not useful but still interesting,” 
Worm says. “I often have creative, intuitive ideas,’ adds Lotze. “Then I 
feel like ’'m handing this raw thing over to Boris and he shapes it a bit.” 

Worm and Lotze met in the mid-1990s during their graduate study 
in Germany. Their fields overlapped, but they were pursuing different 
directions. Lotze was interested in the human influence on the sea 
and was studying nutrient pollution, thought to be the cause of algal 
blooms. She puts her practical mindset down to the fact that she was 
brought up on a farm. By looking after calves and baling hay, she rou- 
tinely faced the connection between humans and the natural world, and 
how one changes the other. Worm’s background is more analytical; his 
outlook more theoretical. The son of a psychologist and a professor of 
education, he grew up thinking a lot about relationships and commu- 
nities. His PhD was on species interactions, particularly predation in 
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— Mace estimates that about 10% of their work is joint — they retain 
separate research identities. Both have academic interests outside their 
phylogeny work. But working in overlapping domains can lead to some 
awkward situations — especially because they have different surnames. 
Sometimes, one is asked to review the other’s paper or a competing 
grant application — offers that they refuse with an explanation of the 
conflict of interest. “Being in the midst of two fields that have a history 
of ‘robust’ discussion, for want of a better word”, Pagel is grateful to 
have someone who is on the same side. 


Boris Worm and 
Heike Lotze at 

Maasholm field 
station in 1998. 


ecosystems. “Heike’s perspective grounded my 
ideas and gave them wheels, and maybe I have 
provided some wider context for the questions 
she was asking,” he says. 

They worked together throughout their PhDs 
— even using the same study site, Maasholm field station on the Baltic 
Sea. “There was an old rocket-launching station from the cold war, and 
part had been bought by our institution asa field site. We had the whole 
place to ourselves,” says Worm. Because their experiments were often 
closely related, they had to do alittle untangling before submitting their 
work for publication. “We had to sit down and say, OK, this is what I will 
publish and this is what you will publish,” Lotze says. 

They published their first big paper” together in 2002 — a grand syn- 
thesis of their PhD projects on the cumulative effects of various influ- 
ences on marine ecosystems — and continue to publish together often. 
Perhaps their most controversial paper, produced as part ofa large team 
in 2006, was a gloomy forecast of global fish stocks®. Worm and Lotze 
were dismayed by how much the media focused on “the end of seafood”; 
they had wanted to emphasize the rippling effects on species that are 
not harvested by humans. “The focus of the paper was different to what 
came out in the media,’ Lotze remembers. The phone rang constantly, 
and each found it helpful to have the other for support. “You understand 
what the other person is going through,” says Lotze. “I’m a much more 
shy person, so for me to deal with those media — it was a storm, really. 
Boris was more riding the wave.” 

They are aware that their different personalities sometimes lead to 
Worm getting more attention than Lotze for their joint work. “Boris was 
more often the first spokesperson about our ideas,” Lotze says. “For a 
while I kept a bit more in the background. People saw Boris more than 
me.” But Lotze eventually started to step forward. “I didnt like being in 
the shadow, I had to fight that and get out of my shell,” she says. They 
are occasionally told that they should differentiate their work, and have 
made a conscious effort not to co-author all their publications. 

But last year, the couple won their first joint honour, the Peter 
Benchley Ocean Award for Excellence in Science. “It’s not very often 
the connection gets recognized officially,’ Worm says. “It felt really won- 
derful to have that highlighted” 

Official recognition is one thing, but for Lotze and Worm the greatest 
benefits of collaborating with a partner are less tangible. A romantic 
partner knows how to motivate, how to comfort when a grant proposal 
doesn’t go your way and how to rein in the loopiest ideas. As Lotze says, 
“Your partner is your best critic” m 


Kerri Smith writes for Nature in London. 
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VITAMINS 


ON TRIAL 


After decades of study, researchers 
still can’t agree on whether nutritional 
supplements actually improve health. 


BY MELINDA WENNER MOYER 


n 1911, Polish biochemist Casimir Funk discovered what was 
behind a then-mysterious neurological condition known as beri- 
beri, common in regions where people's main source of calories 
came from de-husked, or ‘polished’ rice. He fed a group of ill 
pigeons a substance he had isolated from rice polishings, and within 12 
hours, they had recovered. Funk went on to propose’ that a handful of 
puzzling ailments including beriberi and scurvy arose because of defi- 
ciencies in nutrients like the one he had found in the rice husks. He con- 
sidered these chemicals vital amines, which he shortened to “vitamines”. 

Although many embraced the idea that vitamins could prevent or 
reverse certain illnesses, the medical establishment railed against it: 
Funk’s colleagues at the Lister Institute of Preventive Medicine in Lon- 
don questioned his theory and tried to ban him from using the term 
vitamine in his papers, and a 1917 editorial in the Journal of the Ameri- 
can Medical Association noted that although “the expression ‘deficiency 
disease’ has become popular’, the concept is a “vague explanation that 
is readily accepted by the uncritical”. 

Today, nobody doubts that vitamin B1 can prevent beriberi or that 
vitamin C prevents scurvy. But scientific opinion about the use of vita- 
min supplements by millions of seemingly healthy people has never 
been more divided. 

An editorial published in the Annals of Internal Medicine’ last year 
offers a striking case in point. In it, researchers at Johns Hopkins Uni- 
versity in Baltimore, Maryland, and other institutions proclaimed with 
certainty that the US public should “stop wasting money” on vitamin 
supplements. They argued that research has found no benefits, in part 
because most people in industrialized nations are well-nourished. 
Within months a counterattack ensued, headed by huge names in nutri- 
tion science and biochemistry, including Bruce Ames at the Children’s 
Hospital Oakland Research Institute in California and Walter Willett 
at Harvard University in Cambridge, Massachusetts, who argued that 
vitamin deficiencies are, in fact, widespread in the United States and 
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that supplements can help to close nutritional 
gaps’. 

Meir Stampfer, an epidemiologist at Har- 
vard, considers the anti-vitamin editorial 
“garbage’. “I just felt sadness that such a poorly 
done paper would be published in a prominent 
journal and cause so much confusion, he says. 

The argument raises important questions 
about the quality and relevance of more than 
acentury of studies. “There will always be two 
polar sides to this argument, and the main rea- 
son for that is we don’t know the answers — we 
don't have evidence one way or the other,” says 
Paul Coates, who directs the Office of Dietary 
Supplements at the US National Institutes of 
Health (NIH) in Bethesda, Maryland. 

Pooled together, evidence from double- 
blinded, placebo-controlled clinical trials 
suggests that hardly any nutrient supplements 
have a consistent health effect on people in 
developed countries. But many argue that 
the null findings reflect research deficiencies, 
including poor study design, inappropriate 
mixing of different kinds of data and misun- 
derstandings about how much of a nutrient is 
enough. “The tools we've had in the past have 
been so crude — it’s like we've been looking 
through a dirty window with the curtains 
closed,” says Susan Mayne, chair of the depart- 
ment of chronic disease epidemiology at the 
Yale School of Public Health in New Haven, 
Connecticut, and a member of the Institute of 
Medicine’s Food and Nutrition Board, which 
establishes US nutrition guidelines such as the 
Dietary Reference Intakes for vitamins and 
minerals. 

Although some scientists say that research- 
ers can glean important insights from existing 
nutrition data, others, such as Robert Heaney, 
an endocrinologist at Creighton University in 
Omaha, Nebraska, argue that most existing 
studies are fatally flawed and that the whole 
enterprise needs a methodological overhaul. 

“The trials we have in nutrition aren't 
answering the right questions, so they’re not 
appropriate,’ says Connie Weaver, head of the 
department of nutrition science at Purdue Uni- 
versity in West Lafayette, Indiana, and a mem- 
ber of the Food and Nutrition Board. “What 
we're using now is pretty bad science.” 


THE SWEET SPOT 

The market for vitamins and supplements has 
been estimated at US$68 billion worldwide — 
and multivitamins are by far the most popular. 
Most people take them not to treat diagnosed 
deficiencies, but to improve or maintain “over- 
all health’, as reported? last year by the Office 
of Dietary Supplements. Clinical deficien- 
cies such as scurvy are rare in industrialized 
nations, but some research suggests that many 
people are at least mildly deficient in certain 
nutrients. In 2011, an analysis of data from the 
US Centers for Disease Control and Preven- 
tion’s National Health and Nutrition Examina- 
tion Survey (NHANES) reported® that more 


than one-quarter of the US population are 
not getting enough of vitamins A, C, D and 
E, calcium or magnesium. Ninety-seven per 
cent fail to get enough potassium. The current 
Dietary Guidelines for Americans, released 
in 2010, warn that the intake of potassium, 
dietary fibre, calcium and vitamin D among 
the general public is “low enough to be of pub- 
lic health concerm. Scientists argue over just 
how important these seemingly widespread 
subclinical deficiencies are. Johns Hopkins 
epidemiologist Pete Miller dismisses them 
as nonexistent. He argues that even with gov- 
ernment-recommended nutrient levels, “the 
threshold for what defines deficiency is prob- 
ably incorrect”. 

Surveys used to determine what kind of food 
people eat, and how much, are notoriously 
unreliable, for example. In 2013, a PLoS ONE 
study’ found that energy-intake data from the 
39 years of NHANES studies were “not physi- 
ologically plausible” for a majority of partici- 
pants because of systematic under-reporting. 

Still for some nutrients, Mayne says, it is 
almost certain that some people are “really 
not getting enough”. Moreover, research sug- 
gests that individuals with lower-than-aver- 
age intakes but clinically ‘normal’ nutrient 
statuses could still benefit from supplements. 
Researchers at the Harvard School of Public 
Health recruited 672 health professionals with 
histories of benign colorectal tumours, a risk 
factor for colorectal cancer, to see if folic acid 
helped to reduce tumour recurrence. Half of 


FEATURE | NEWS 


are J- or U-shaped: nutrients have beneficial 
effects at low doses and toxic effects at high 
doses. The magnitude of the response differs, 
too, depending on where individuals start on 
the curve — their baseline status. 

Yet this is often ignored. Many of the studies 
included in a 2009 systematic review’? com- 
missioned by the US government to inform 
the development of guidelines for vitamin D 
intake, for instance, did not include informa- 
tion on baseline status, so the review probably 
lumped together individuals who responded 
differently; perhaps unsurprisingly, it con- 
cluded that findings on vitamin D were “incon- 
sistent” (see Nature 475, 23-25; 2011). “These 
are common-sense design issues that need to 
be put on the table when you're thinking about 
a study, and they haven't been,’ says Heaney. 


MASKED EFFECTS 


Nutrient intake in control groups is also 
important but often overlooked. As part of 
the NIH’s Women’s Health Initiative (WHI), 
researchers tested the effects of daily doses 
of 1,000 mg of calcium a day — along with 
vitamin D — on women’s fracture risks". 
Although NHANES data at the time suggested 
that the average calcium intake for postmeno- 
pausal women was about 600 mga day, the trial 
investigators learned after randomization that 
women in the control group were actually con- 
suming more than 1,000 mg a day. 

The trial found no statistically significant 
difference in fracture risk between the inter- 


“The tools we’ve had in the past have been so 
crude — it’s like we’ve been looking througha 
dirty window with the curtains closed.” 


the participants took 1 milligram of folic acid 
a day for between 3 and 6.5 years, and the other 
half took a placebo. The supplements had no 
effect when everyone was analysed together, 
but among the people with the lowest folic acid 
intake at the start of the trial, those who took 
supplements had a reduced risk of recurrence’. 

On the other side of the coin, several large 
trials suggest that over-consuming nutrients 
could be dangerous. The Alpha-Tocopherol 
Beta-Carotene Cancer Prevention Trial set 
out to see whether smokers would benefit 
from certain supplements. It turned out that 
those who took 20 mg of the vitamin A pre- 
cursor B-carotene a day — 3 times the US 
recommended daily allowance for vitamin A 
— for 5-8 years were, in fact, 18% more likely 
to develop lung cancer than those taking a 
placebo’. A potential explanation is that the 
breakdown products of 8-carotene can, at high 
doses, cause cell proliferation. 

These results illustrate one of the many 
complexities of nutrient metabolism. Nutri- 
tion scientists now recognize that risk curves 
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vention and control groups, but “the study 
design was such that it couldn't show anything’, 
Heaney says. Even so, “systematic reviews con- 
tinue to include the Women’s Health Initiative 
as a ‘negative’ study”. 

The trial highlights two other potential con- 
founding factors. The first is that study partici- 
pants are typically more health-conscious than 
other individuals. Although WHI participants 
on average consumed relatively high levels of 
calcium, nearly 75% of US women between the 
ages of 31 and 50 fail to get the recommended 
1,000 mg of calcium per day from food. The 
second point is that compliance with instruc- 
tions is often low — only 59% of participants 
were still taking at least 80% of their pills by the 
end. Those who do not stick to the prescribed 
treatments might differ from those who do in 
important ways, skewing outcomes. 

Another important factor is genetic variabil- 
ity. “Every person has about 50,000 variations 
in their genes,” says Steven Zeisel, director of 
the University of North Carolina Nutrition 
Research Institute in Chapel Hill. Any number 
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DATA DEFICIENCIES 


For almost every claim about 
vitamins, studies have found at least 
some negative evidence. But most 
of the negative findings have some 
confounding variables. 


CHOLINE SUPPLEMENTATION 
BOOSTS FETAL BRAIN 
DEVELOPMENT.” 


The negative finding: A double- 

blind, randomized controlled trial'® 
involving 140 pregnant women found 
no enhancement to infant brain 
function. 


The confounder: 44% of women 
have genetic variants that 
significantly increase their dietary 
choline requirement?®. 


CALCIUM AND VITAMIN D 
SUPPLEMENTATION REDUCES 
THE RISK OF BONE FRACTURES.” 


The negative finding: The Women’s 
Health Initiative calcium and 
vitamin D trial?! found no effect 
of supplementation on risk of hip 
fractures. 


The confounder: Researchers had 
estimated that the control group 
was consuming less than 600 mg 
calcium per day, when actual intake 
was more than 1,000 mg. 


B-CAROTENE REDUCES THE RISK 
OF COLORECTAL ADENOMA, A 
PRECURSOR TO COLORECTAL 
CANCER.” 


The negative finding: A 1994 clinical 
study’’ assigning 864 patients to 
different treatment groups that 
included B-carotene supplementation 
found no evidence of benefit, and 
some evidence of harm. 


The confounder: Among non- 
smokers and non-drinkers there was 
a significant decrease in the risk of 
adenocarcinoma, but smokers and 
drinkers had an increased risk'®. 


ANTIOXIDANT SUPPLEMENTATION 
REDUCES CANCER AND 
MORTALITY RISK.” 


The negative finding: A meta- 
analysis’? of 21 clinical trials, 
covering a pooled sample of around 
91,000 people and 8,800 deaths, 
found no evidence of an effect on 
mortality risk. 

The confounder: The analysis did 

not stratify results by sex. Men may 


have been more likely than women to 
benefit from antioxidants”°. 
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of them could be important in metabolism. 
Yet “very few geneticists are collecting diet 
information, and very few diet people collect 
genetic information”. Zeisel’s work has uncov- 
ered, for example, that 44% of women have 
gene variants that significantly increase their 
dietary requirements for the nutrient choline. 
It is perhaps no wonder that trial results have 
been inconsistent — and that reviews often 
report null findings (see “Data deficiencies’). 
Plus, the effects of nutrition interventions are 
probably subtle: whereas drug trials compare 
exposure with no exposure, nutrition trials 
compare higher and lower exposures, because 
everyone eats and consumes some nutrients. 
Subtle differences may be hard to detect and 
have long latency periods. These limitations 
and considerations add up “in a way that 
causes trials to be heavily stacked against 
showing any benefit”, says biochemist Balz 
Frei, director of the Linus Pauling Institute at 
Oregon State University in Corvallis. 


A CLEARER VIEW 


So how can scientists design studies to arrive 
at nutritional truths? In a paper’ published in 
Nutrition Reviews in January, Heaney proposes 
guidelines. He argues that, first and foremost, 
scientists need to consider the dose-response 
curve. It is absolutely crucial, he says, to meas- 
ure the baseline nutritional status of trial par- 
ticipants and track changes over time. He also 
suggests that investigators use participants 
with similar baseline intakes. That could limit 
who the results apply to, but it would make 
data clearer. 

Measuring nutrient status presents addi- 
tional challenges. Take calcium: the body 
carefully regulates blood levels, keeping them 
constant by pulling the mineral from bone 
when intake is low. Heaney says that it might 
be possible to measure how much is being con- 
sumed by looking at other biomarkers, such 
as parathyroid hormone, which triggers the 
removal of calcium from bone, but such tests 
can be expensive. 

Researchers must also come up with accu- 
rate ways to assess food and nutrient intake 
during trials. This requires better estimates 
of the nutrients in foods. Frei says that the US 
Department of Agriculture’s National Nutrient 
Database for Standard Reference, considered 
the country’s authoritative source of food- 
composition data, overestimates the amounts 
of vitamin A in foods because the standard 
units used do not account for nutrient bio- 
availability. And it misses some other sources 
of vitamins in food. It does not, for example, 
assess levels of 25-hydroxycholecalciferol, a 
form of vitamin D found in animal products. 

The good news is that scientists have devel- 
oped technologies to improve measurements 
of both nutrient status and intake. Mayne and 
her colleagues, for instance, have created a 
skin-spectroscopy method for assessing levels 
of carotenoids”. “You can do it for zero cost, 
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essentially — it’s a 30-second scan on someone's 
skin that gives a readout of their nutrient status, 
she says. And researchers at Purdue are build- 
ing a smartphone app that tracks food intake. 
Users take a picture of a plate of food, and the 
application estimates and records its nutritional 
components. These estimates have been shown 
to be more accurate than self-reports”. 

Researchers also need to do better at consid- 
ering and accounting for confounding factors. 
And reviews should be designed to answer spe- 
cific questions about specific nutrient doses 
in specific populations, says Heaney — basi- 
cally, they should include only those trials that 
“are appropriate for collapsing into a single 
data set”. The Office of Dietary Supplements 
has sponsored a series of technical reports 
to investigate the challenges associated with 
evidence-based reviews in nutrition; six have 
been published. 

So, back to the original question. Are sup- 
plements useless? The current state of research 
offers only an equivocal half-answer: ‘maybe 
yes for some individuals, nutrients and doses, 
and ‘maybe no for others. “Nutrition is com- 
plex, and I don’t think we're necessarily going 
to find one formula that works for everybody,” 
says Mayne. But new tools in development 
could “really change the way we look at this”. 
The big question is whether, once scientists 
have all the pieces they need, they can put them 
together to create a clear and cohesive picture. m 


Melinda Wenner Moyer is a freelance writer 
in Cold Spring, New York. 
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Oil extracted from fields in Alberta, Canada, would travel through the proposed Keystone XL pipeline. 


Consider the global 
impacts of oil pipelines 


Debates over oil-sands infrastructure obscure a broken policy process that overlooks 
broad climate, energy and environment issues, warn Wendy J. Palen and colleagues. 


he debate over the development of oil 
‘Tiss in Alberta, Canada, is inflam- 

ing tensions in and between Canada 
and the United States. 

In April, US President Barack Obama 
deferred a decision on the fate of the pro- 
posed Keystone XL oil pipeline, despite 
escalating pressure to approve it from 
Canadian Prime Minister Stephen Harper. 
The contentious pipeline would transport 
830,000 barrels per day of partially refined 


bitumen from Alberta’ oil sands, through 
the US Midwest, to Gulf Coast refineries. 
Harper is also facing a controversial domes- 
tic battle over his approval on 17 June of 
the Enbridge Northern Gateway pipeline, 
to connect Alberta with a port on British 
Columbia’s remote Pacific coast. 

But drama over the pipelines obscures a 
larger problem — a broken policy process. 
Both Canada and the United States treat oil- 
sands production, transportation, climate 
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and environmental policies as separate 
issues, assessing each new proposal in iso- 
lation. A more coherent approach, one that 
evaluates all oil-sands projects in the context 
of broader, integrated energy and climate 
strategies, is sorely needed. 

Although Keystone XL and Northern 
Gateway are among the first major North 
American projects to highlight flaws in 
oil-sands policies, more than a dozen 
other projects are on the drawing board. 
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> Meanwhile, the US government is 
considering its first oil-sands leases on fed- 
eral lands, as bitumen mining expands on 
state land in Utah’s Uinta Basin. 

As scientists spanning diverse disciplines, 
we urge North American leaders to take a 
step back: no new oil-sands projects should 
move forward unless developments are 
consistent with national and international 
commitments to reducing carbon pollution. 
Anything less demonstrates flawed policies 
and failed leadership. With such high stakes, 
our nations and the world cannot afford a 
series of ad hoc, fragmented decisions. 


INCREMENTAL DECISIONS 

Current public debate about oil-sands 
development focuses on individual pipeline 
decisions. Each is presented as an ultimatum 
—abinary choice between project approval 
and lost economic opportunity. This 
approach artificially restricts discussions 
to only a fraction of the consequences of oil 
development, such as short-term economic 
gains and job creation, and local impacts on 
human health and the environment. Lost is 
a broader conversation about national and 
international energy and economic strate- 
gies, and their trade-offs with environmental 
justice and conservation. 

This pattern of incremental decisions 
creates the misguided idea that oil-sands 
expansion is inevitable. By restricting the 
range of choices, governments have allowed 
corporations to profit from one-off policy 
decisions, leading 


toadoubling ofoil- “Plans for the 
sands production development 

in Alberta in the of similar 

past decade, with unconventional 
production forecast reserves are 

to double againto considered 


3.9 million barrels 
per day in the com- 
ing decade’. The collective result of these 
decisions is unnecessarily high social, eco- 
nomic and environmental costs. 

When judged in isolation, the costs, 
benefits and consequences of a particular 
oil-sands proposal may be deemed accept- 
able. But impacts mount with multiple pro- 
jects. The cumulative effects of new mines, 
refineries, ports, pipelines, railways anda fleet 
of transoceanic supertankers are often at odds 
with provincial, state, federal or international 
laws protecting clean water, indigenous rights, 
biodiversity and commitments to control 
carbon emissions. 

Oil-sands development in Alberta, for 
example, has irreversibly transformed more 
than 280 square kilometres of the boreal 
landscape by burning or degrading peat- 
lands covering oil-sands deposits”. Such eco- 
systems represent long-term carbon sinks 
that require thousands of years to develop. 
The development has also elevated waterway 


worldwide.” 
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G DECISIONS 


New pipelines would take oil from Alberta 
to Canadian and US ports and refineries. 
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concentrations of chemical contaminants 
such as polycyclic aromatic compounds that 
are toxic to fish and other aquatic organ- 
isms*", and has been associated with a tenu- 
ous but troubling rise in rare cancers in 
downstream indigenous communities’. 
Major infrastructure such as pipelines 
requires decades of operation to recoup the 
initial investment, fostering expansion of oil- 
sands projects upstream and refineries and 
ports downstream. For example, the pro- 
posed US$5.4-billion Keystone XL pipeline 
would drive further oil-sands extraction by 
providing access to Gulf Coast refineries and 
profitable export markets (see ‘Big decisions). 
Such investments create a ‘lock-in’ that com- 
mits society to decades of environmental deg- 
radation, increased risk of contamination and 
spills, and unsustainable carbon pollution. 
Oil-sands production has already caused 
dramatic increases in carbon pollution. The 
United States and Canada have committed 
to the same 2020 greenhouse-gas emissions 
target: a 17% decrease relative to 2005 lev- 
els. But Canada’s agencies predict that it will 
miss its target by 122 million tonnes annu- 
ally®’. Although emissions in many sectors 
are falling, those from oil-sands production 
are predicted to triple from 2005 by 2020, 
from 34 million to 101 million tonnes. 


SMART STEPS 
Despite these predictions, public discussions 
around emissions from expanding oil-sands 
production are being muted. Since 2010, pub- 
lic hearings on proposed pipelines, includ- 
ing Northern Gateway, the Trans Mountain 
pipeline in British Columbia, and the Line 9B 
pipeline reversal in southern Ontario, have 
formally excluded testimony by experts or the 
public about carbon emissions and climate 
(see go.nature.com/mpx2sc). 

We propose two steps to improve decisions 
about the development of oil sands. First, 
North American citizens and policy-makers 


© 2014 Macmillan Publishers Limited. All rights reserved 


must enact policies at national, state and 
provincial levels that acknowledge the 
global consequences of expanding oil-sands 
development. Legislated constraints on 
carbon pollution (such as a carbon tax or 
cap-and-trade) based on current climate 
science will help to ensure that the full social 
costs of carbon combustion are incorporated 
into investment decisions about energy and 
infrastructure. This will help companies 
and policy-makers to better judge trade-offs 
between investment in oil-sands projects, 
renewables and energy-conservation pro- 
grammes, while catalysing innovation in 
low-carbon technologies. 

Second, policy-makers need to adopt 
more transparent and comprehensive 
decision-making processes that incorpo- 
rate trade-offs among conflicting objectives 
such as energy and economic development, 
environmental protection, human health 
and social justice. The decision sciences 
offer pathways, from problem identifica- 
tion to policy implementation, which can 
encompass a wide range of public values and 
address multiple drivers, linked effects and 
nested scales of cause and effect. 

Decision-support tools are being devel- 
oped for exploring how outcomes, pri- 
orities and trade-offs shift under different 
future energy scenarios. Possibilities might 
include the approval or rejection of pipeline 
proposals, more stringent low-carbon fuel 
standards, carbon taxes, or a spike or drop in 
global demand for Canadian oil®. Such tools 
can be used to identify thresholds where 
development should shift from one energy 
option to another, and evaluate which invest- 
ments are most robust given environmen- 
tal, social and economic policies and their 
effects on energy supply and demand’. The 
territorial government in the Canadian 
north is using these tools to identify energy 
options that protect the Arctic environment 
and developing economy, while meeting the 
needs of local communities’. 

In the absence ofa global accord to reduce 
carbon emissions, the United States and 
Canada should agree to a suite of shared pol- 
icies to guide development of both carbon- 
based and low-emission sources of energy 
over the coming decades. Such coordination 
might seem unlikely given the ideological 
gulf between the current US and Canadian 
administrations, but that divide will not per- 
sist indefinitely. 

A binational carbon and energy strategy 
should align with existing continental trade 
accords, provide a clear road map for deci- 
sions about energy development — particu- 
larly for unconventional oil — and enhance 
North American competitiveness and lead- 
ership. It should specify priorities, expecta- 
tions and principles whereby decisions on 
infrastructure projects, such as Keystone XL 
or Northern Gateway, are made in the context 


CERN 


of an overarching commitment to limit 
carbon emissions. North America’s energy 
challenges would then become a vehicle 
for beneficial economic coordination and 
integration rather than remaining a source 
of rancour and friction. 

A key step is a moratorium on new 
oil-sands development and transporta- 
tion projects until better policies and 
processes are in place. Reform is needed 
now: decisions made in North America 
will reverberate internationally, as plans 
for the development of similar unconven- 
tional reserves are considered worldwide. 

With clearer policy, smarter decisions 
and stronger leadership, Canada and the 
United States can avoid the tyranny of 
incremental decisions — and the lasting 
economic and environmental damage that 
poorly conceived choices will cause. m 
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Physicist John Bell at CERN, Europe’s particle-physics lab near Geneva, Switzerland, in 1982. 


Bell’s theorem 
still reverberates 


Fifty years ago, John Bell made metaphysics testable, 
but quantum scientists still dispute the implications. 
Howard Wiseman proposes a way forward. 


proved mathematically that certain 
quantum correlations, unlike all other 
correlations in the Universe, cannot arise 
from any local cause’. This theorem has 
become central to both metaphysics and 
quantum information science. But 50 years 
on, the experimental verifications of these 
quantum correlations still have ‘loopholes, 
and scientists and philosophers still dispute 
exactly what the theorem states. 
Quantum theory does not predict the 


1E 1964, Northern Irish physicist John Bell 
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outcomes of a single experiment, but rather 
the statistics of possible outcomes. For 
experiments on pairs of ‘entangled’ quan- 
tum particles, Bell realized that the predicted 
correlations between outcomes in two well- 
separated laboratories can be profoundly 
mysterious (see “How entanglement makes 
the impossible possible’). Correlations of this 
sort, called Bell correlations, were verified 
experimentally more than 30 years ago (see, 
for example, ref. 2). As Bell proved in 1964, 
this leaves two options for the nature of 
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> reality. The first is that reality is irreducibly 
random, meaning that there are no hidden 
variables that “determine the results of indi- 
vidual measurements”. The second option 
is that reality is ‘non-local, meaning that “the 
setting of one measuring device can influence 
the reading of another instrument, however 
remote”. 

Most physicists are localists: they recog- 
nize the two options but choose the first, 
because hidden vari- 


ables are, by defini- “Before 

tion, empirically investing too 
inaccessible. Quan- much angst 
tum information or money, one 
scientists embrace wantstobe 
irreducible random-  syyye that Bell 
ness asaresourcefor eorrelations 
secure cryptography’. really exist.” 
Other physicists and 


philosophers (the ‘non-localist camp’) dispute 
that there are two options, and insist that Bell’s 
theorem mandates non-locality*. 

Such views seem contradictory. But I 
believe that these two camps can be partially 
reconciled’ by delving into what ‘causation’ 
means. Doing so reveals the depth of the real 
principles at stake, the challenges facing each 
camp, and the future priorities for closing 
the loopholes in experiments to observe Bell 
correlations. 


FREE CHOICE 

Many localists cite Albert Einstein’s 1905 
principle of relativistic causality as a rea- 
son to reject non-locality. This principle 
says that causal influences cannot propa- 
gate faster than light. That is, one event can 
cause another (later) event only if they are 
close enough in space that the ‘effect’ could 
have been reached by a beam of light from 
the ‘cause’ But the non-locality option must 
involve faster-than-light causal influences, 
contrary to Einstein's principle, for measure- 
ments made far enough apart and close to 
simultaneous. Bell correlations under these 
circumstances have been observed many 
times since 1982 (ref. 2), using photons with 
entangled polarizations. 

Although the two camps disagree on 
whether Bell experiments imply faster-than- 
light causal influences, neither think that 
these experiments allow faster-than-light 
communication. Faster-than-light commu- 
nication has never been observed. Its impos- 
sibility follows from Einstein’s principle of 
relativistic causality and the following axiom 
of causation: if an event is seen to depend 
statistically on a freely chosen action, then 
that action is a cause of that event. 

For example, if a radio comes on when and 
only when I choose to flip a switch, then my 
action must cause the sound. Combining 
this with Einstein’s principle (no faster-than- 
light causal influences) implies that if] freely 
choose the time to flip a switch on Earth, a 
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radio on the Moon cannot be expected to 
come on at that exact time. There must be a 
delay of at least 1.3 seconds (the time it takes 
light to travel to the Moon). 

It is wrong to argue (as some localists do) 
that the impossibility of faster-than-light 
communication rules out non-locality. 
Locality, as Bell introduced it in 1964, is a 
stronger concept than no faster-than-light 
communication. That is, nature could be 
non-local without allowing faster-than- 
light signalling. 

For localists to derive locality from the 
principle of relativistic causality, they need 
a stronger version of the above axiom of 
causation: the phrase “is seen to depend on” 
must be replaced by “depends, in theory, 
on”*. The point is that it may not be pos- 
sible to see the theoretical dependence if 
there are other, hidden variables on which 
the event also depends. This is the case in the 
versions of quantum theory favoured by 
the non-localist camp’. 


ANOTHER THEOREM 

Bell himself was a non-localist, an opinion he 
first published in 1976 (ref. 6), after introduc- 
ing a concept, “local causality’, that is subtly 
different from the locality of the 1964 theo- 
rem. Deriving this from Einstein's principle 
requires an even stronger notion of causa- 
tion: if two events are statistically correlated, 
then either one causes the other, or they have 
a common cause, which, when taken into 
account, eliminates the correlation. 

Colloquially, this “principle of common 
cause” says that correlations have explana- 
tions. For example, if you and I never com- 
municate, but one day we both become 
concerned about a looming war in Ruritania, 
then there must be a common cause for our 
thoughts (such as news reports). 

In 1976, Bell proved that his new concept 
of local causality (based implicitly on the 
principle of common cause), was ruled out 
by Bell correlations®. In this 1976 theorem 
there was no second option, as there had 
been in the 1964 theorem, of giving up hid- 
den variables. Nature violates local causality. 

It is unfortunate that quantum scientists 
seldom distinguish the 1976 theorem from 
the 1964 theorem. It is doubly unfortu- 
nate that Bell sometimes used “locality” as 
shorthand for “local causality”®, adding to 
the confusion. Non-localists maintain that 
the two theorems are the same, that locality 
is the same as local causality, and thus that 
hidden variables played no essential part in 
Bell’s 1964 paper’. But, as I have shown’, these 
claims do not hold up under careful analysis. 


RECONCILING THE CAMPS 

The contradictory claims by the two camps 
thus arise because they mean different things 
by ‘Bell’s theorem’ and different things by 
‘local’ (or ‘non-local’). For localists, Bell’s 
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theorem is the 1964 one, and the preferred 
choice is to keep locality and forgo hidden 
variables. For non-localists, Bell's theorem is 
(or should be) the 1976 one, which leaves no 
choice but to forgo local causality. 

But one can go further, by recalling that 
local causality rests on two principles: 
Einstein’s principle of relativistic causal- 
ity, and the principle of common cause. 
Thus Bell’s 1976 theorem can be restated 
as: either causal influences are not lim- 
ited to the speed of light, or events can be 
correlated for no reason. 

This, I suggest, is the best way to recon- 
cile the two camps. It enables them to agree 
ona single Bell’s theorem, and what logical 
options it offers, even if they prefer differ- 
ent options. 

Those who insist that correlations are 
explicable must conclude that causal influ- 
ences can go faster than light. A challenge 
for these non-localists is: why does nature 
nevertheless conspire to prevent faster- 
than-light signalling? 

Those who hold Einstein’s principle to be 
inviolable (the localists) must conclude that 
some events are correlated for no reason. 
A challenge for them is: if correlations do 
not necessarily imply a cause, when should 
scientists look for causes, and why? 


THE PATH FORWARD 

Bell correlations can be seen as a problem, 
or an opportunity. They present us with a 
dilemma; each of the principles at stake (rela- 
tivistic causality and common cause) under- 
pins a vast mesh of scientific inference and 
intuition, and yet one must be forgone. But 
Bell correlations also present us with a mar- 
vellous information-technology resource: 
measurement outcomes that cannot possibly 
be known to anyone before they occur. 

Before investing too much angst or 
money, one wants to be sure that Bell cor- 
relations really exist. As of now, there are 
no loophole-free Bell experiments. Experi- 
ments in 1982 bya team led by French phys- 
icist Alain Aspect’, using well-separated 
detectors with settings changed just before 
the photons were detected, suffered from 
an ‘efficiency loophole’ in that most of the 
photons were not detected. This allows the 
experimental correlations to be reproduced 
by (admittedly, very contrived) local hidden 
variable theories. 

In 2013, this loophole was closed in 
photon-pair experiments using high- 
efficiency detectors”*. But they lacked large 
separations and fast switching of the settings, 
opening the ‘separation loophole’: informa- 
tion about the detector setting for one pho- 
ton could have propagated, at light speed, to 
the other detector, and affected its outcome. 

There are several groups worldwide 
racing to do the first Bell experiment 
with large separation, efficient detection 


VICTOR DE SCHWANBERG/SPL 


Quantum entanglement can link the quantum states of particles even when they are separated 
by long distances (artist’s impression). 


BELL CORRELATIONS 


How entanglement makes the impossible possible 


Consider an impossible square — a 
square divided into nine smaller squares, 
each containing a O or a 1, such that the 
number of 1s in every column is even, 
and the number of 1s in every row is 
odd. Why is this impossible? Because 
the total number of 1s, from the column- 
rule, is even+even+even=even, but the 
total number of 1s from the row-rule is 
odd+odd+odd=odd. 

Two shady characters, Rowan and Colin, 
approach you, claiming to have a large 
supply of these impossible squares. When 
you ask to see one, Rowan says: “No, it 
doesn’t work like that. For each of our 
squares, | will reveal one row, and Colin one 
column. But you can choose which row 
and which column you want to know.” You 
reply: “Do you think | was born yesterday? 
In each instance, Rowan can say any of his 
four possible answers (001, 010, 100 or 
111) and Colin can choose whichever of his 
(000, 011, 101 or 110) do not conflict with 
Rowan’s. For example, if | ask for the second 
row and the third column, and Rowan says 
‘001’, then Colin just has to choose an 
answer with 1 as the middle entry, either 
@il il @p Woy” 

But Colin persists: “What if you prevent 
me from hearing not only Rowan’s answer, 
but even the question put to Rowan? Take 
us far apart, and lock us in rooms that 
shield all forms of communication. We will 
still give consistent answers 100% of the 
time.” You think to yourself: “In this case, 
their best strategy would be to each carry 


(or memorize) a predetermined list of 
answers to all possible questions. In a given 
trial, the respective answers that Rowan 
and Colin carry would have to correspond 
to squares that differ in at least one of the 
nine entries, because of the constraints on 
the rows and columns. If! conduct enough 
trials, choosing the questions at random, | 
will catch them with inconsistent answers 
soon enough.” 

So you agree to the trial as suggested; 
you ask questions in one room and an 
assistant in the other. To your consternation, 
Colin and Rowan give consistent answers 
every time. How is this possible? Are they 
communicating, despite all your efforts? No, 
they are using pairs of ‘entangled’ quantum 
particles — each pair of particles was 
jointly prepared in the same way, and then 
one kept by Rowan and one by Colin. With 
each trial, Rowan picks the next particle in 
his store, measures one of three different 
properties (depending on which row you 
ask for), and gives you one of his four 
possible answers based on the result of his 
measurement. Colin similarly processes his 
next particle, the one paired with Rowan’s. 
By the ‘magic’ of quantum entanglement, 
their results are correlated precisely so as to 
simulate an impossible square?®. 

The moral (Bell’s theorem): quantum 
correlations falsify the hypothesis that, in 
any laboratory, nature carries the answer to 
any question which may be put there, and 
answers without knowing which questions 
are being put elsewhere. H.W. 
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and fast switching. It will be a landmark 
achievement in physics. But would such an 
experiment really close all the loopholes? 
The answer depends on one’s attitude to 
causation. 

The issue is whether the settings in one 
laboratory are uncorrelated with variables 
(hidden or otherwise) in the other. If they 
are correlated, then the experiment violates 
the assumptions of Bell’s theorem, opening 
the free-choice loophole, so called because of 
how it can be closed: the only things corre- 
lated with free choices are their effects, so (by 
Einstein’s principle) settings that are freely 
chosen late enough would be uncorrelated 
with the other variables, as desired. 

Human choice and action are slow, 
so Bell experiments thus far have used 
random-number generators rather than 
free choice to change the detector settings. 
There is no reason for such random num- 
bers to be correlated with anything on the 
other side. But if one is inclined to reject 
the principle of common cause (as localists 
are) then one must admit that correlations 
can occur without any reason. Thus, to be 
rigorous, experimenters must choose the 
settings freely. 

Using human free-choice while closing 
the separation loophole would require sep- 
arating the experimenters by much more 
than one Earth diameter (only 40 light- 
milliseconds). Putting one experimenter 
on the Moon (1.3 lightseconds away) would 
also allow time for them to consciously 
register the results — a requirement to rule 
out a fourth and final loophole, the ‘collapse 
loophole”. This arises from the possibility 
that the set of potential results recorded by 
a detector does not ‘collapse’ to an actual 
individual result until observed by the exper- 
imenter, so that before the experimenter gets 
involved the result could be influenced, long 
after the photon arrives, by some bizarre (but 
not faster-than-light) causal influence from 
the distant laboratory. 

Such an Earth-Moon experiment is a 
worthy challenge for the next 50 years. = 


Howard Wiseman is professor of physics at 
the Centre for Quantum Dynamics, Griffith 
University, Brisbane, Queensland, Australia. 
e-mail: h.wiseman@griffith.edu.au 
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Citation patterns chart, from left to right, the emergence of neuroscience as a discipline distinct from cell and molecular biology and neurology. 


The citation game 


Jonathan Adams takes the measure of the uses and misuses of scholarly impact. 


ibliometrics has a problem. In fact, the 
B= — which tracks scholarly impact 
in everything from journal papers to 
citations, data sets and tweets — has a lot of 
problems. Its indicators need better interpre- 
tation, its tools are widely misused, its rele- 
vance is often questioned and its analyses lack 
timeliness. The expert contributors to Beyond 
Bibliometrics, edited by information scientists 
Blaise Cronin and Cassidy Sugimoto, rehearse 
the field’s history and the theory behind those 
problems; critique both good and bad prac- 
tices; and set out ideas about new indicators, 
including those from innovative ‘altmetric 
data sources. The result is a milestone for the 
field anda reference for practitioners. But the 
book misses a trick. It will not reach the non- 
experts — such as reviewers, hiring commit- 
tees and grant panels — who use and often 
misuse bibliometrics to make decisions. 
Bibliometrics developed during the 
post-1945 boom in research, expansion of 
publishing and development of structured 
electronic databases. It hit the research 
market 50 years ago, with Eugene Garfield’s 
Science Citation Index, which was launched 
in 1964 and within years had been adopted 
by the US National Science Foundation. But 
it was in Europe, particularly in the Nether- 
lands and Hungary in the 1980s, that citation 
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analysis developedinto => 

REYOND SIBLIOMETR; 
research-management = —=——SNSM=mles 
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of citation networks for | SUGIMOTO 
search and discovery MIT Press: 2014. 
made Google Scholar 


a favourite with many researchers. 
Bibliometrics has had many intriguing 
outcomes — for instance, it has revealed the 
speed of China’s growth and the real distribu- 
tion of scientific wealth between and within 
nations. It helped to put research policy and 
management on an evidence-based foot- 
ing that could challenge the assumptions 
and prejudices of established scientists: 
most countries turn out to have a smaller 
core of excellence than many believed, and 
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small, agile institutions have been shown 
to be excellent at research, alongside older, 
larger centres. Rooted in the basic needs of 
the researcher to find the literature most 
pertinent to their work, this history is nicely 
reviewed by Nicola de Bellis, who reminds 
us that, for example, it is bibliometric theory 
— partly from Garfield and explicitly from 
Francis Narin and Gabriel Pinski — that led 
to Google's key PageRank algorithm. 

Because of that historical depth of analysis, 
the book’s handling of methods and tools 
goes well beyond mere numbers. For exam- 
ple, Jevin West and Daril Vilhena discuss 
research-network conceptualizations such as 
eigenvectors, which show how fields depend 
on one another. Loet Leydesdorff’s compre- 
hensive visualization of the relatedness of 
research disciplines reveals that variations 
in levels of success may depend on inter- 
disciplinary differences in team and institu- 
tional structure. Michael Kurtz and Edwin 
Henneken provide a detailed analysis of the 
‘recommender systems’ that astrophysicists 
use to find key literature. 

One big set of problems in the field relates 
to careless use. The h-index, which captures 
the distribution of a scientist’s citations, is 
innately flawed because it is not responsive 
to field or career stage, but its simplicity may 


VISUALIZATION: MORITZ STEFANER, WITH MARTIN ROSVALL, JEVIN WEST 


AND CARL BERGSTROM (BERGSTROM LAB, UNIV. WASHINGTON) 


have led to a plethora of derivative indices. 
Impact factors tell us about journals, not 
individual publications, but research man- 
agers use them to pick staff. Engineers pub- 
lish conference proceedings, but submit only 
journal papers for assessment. Mathemati- 
cians publish infrequently and cite deep 
into the past; molecular biologists, quite the 
opposite. Economists and particle physicists 
have utterly different norms of authorship 
assignment. Few users of bibliometrics 
appreciate the implications of these nuances, 
yet many think they can read the numbers, 
or persuade others to read them their way. 

Bibliometrics now underpins research 
policy and management and is an estab- 
lished part of programme evaluation for the 
European Commission and national agen- 
cies including the UK Research Councils. 
But Cronin and Sugimoto urge caution: even 
after decades of use, do we really understand 
what citation data are and what we do with 
them? Do those who use bibliometrics have 
clear criteria for how they employ and inter- 
pret them? Ifa tool that influences so much 
research is used carelessly, these arguments 
need to be accessible to a wide audience. 

A second set of problems arises from limi- 
tations in use. Julia Lane, Mark Largent and 
Rebecca Rosen remind us that political pay- 
masters and research managers want timely 
indicators so that they can influence what is 
happening rather than reflect on what has 
happened. But citations data pertain to work 
funded years before. So, in its final third, the 
book goes “beyond bibliometrics” to alterna- 
tive metrics that may address these issues, 
drawn partly from social media such as Twit- 
ter and blogs (discussed by Jason Priem), and 
partly from the business of research, includ- 
ing data downloads (Kayvan Kousha, Mike 
Thelwall and Stefanie Haustein) and esteem 
indicators (such as academic genealogy, 
discussed by Sugimoto). Whereas citation 
analysis builds on decades of work, we have 
less than ten years of social media to analyse. 
So there is a tension: if thoughtful commenta- 
tors dare not advance answers, instant experts 
rush in to satisfy policy stakeholders. If we do 
produce analyses built on shifting sand, and 
promise too much, then we could undermine 
what might, with care, be very informative. 

With caution and care, decisions about 
the future directions, funding and staffing 
of science will be better informed by the 
approaches and developments discussed in 
Beyond Bibliometrics. What we now need 
from this book’s expert group is an acces- 
sible working narrative to guide the rest of 
us in our day jobs. m 


Jonathan Adams is chief scientist at Digital 
Science in London and Leeds, UK, part of 
Macmillan Science and Education, which 
publishes Nature. 

e-mail: j.adams@digital-science.com 


Books in brief 


Virtual Unreality: Just Because the Internet Told You, How Do You 
Know It’s True? 

Charles Seife VIKING (2014) 

Digital information is a “superbug of the mind” with no vaccine, 
notes journalist Charles Seife. Uniquely transmissible, persistent 
and connected, it is both an unprecedented marvel and ideally 
suited to misuse. Seife’s analyses cut deep as he tours the ‘reality’ 
strained through the Internet’s clotted filter — from the instant news 
churned out by online journalism to Wikipedia’s shifting edits, ‘sock 
puppetry’ (fake online identities), plagiarism and viral rumours. A 
cogent, balanced, quietly impassioned call for Internet scepticism. 


Zoom: How Everything Moves, From Atoms and Galaxies to 
Blizzards and Bees 

Bob Berman LITTLE, BROWN (2014) 

Science columnist Bob Berman approximates the impossible — 
perpetual motion — in this wit-propelled exploration of movement 

in nature. He bookends his tour with the “mother of all motion”, the 
cosmos, first visiting astrophysicist Daniel Kelson (who discovered the 
fastest-moving known galaxy), and finally contemplating the limitless 
speed of stars in an infinite Universe. In between is a dazzling romp 
through trekking neutrinos, 60-kilometre-an-hour dragonflies, the 
‘kangaroo hops’ of wind-blown sand grains, and more. 


The Story of Pain: From Prayer to Painkillers 

Joanna Bourke OXFORD UNIVERSITY PRESS (201 4) 

Pain — chronic, searing, triggered by childbirth or unrequited love 
—isa “definition-defying beast”, avers historian Joanna Bourke. In 
her perceptive study covering the past three centuries, she details 
experiences of pain (such as “champagne bubbles and blisters” 
reported by a woman with a phantom limb) and responses to 
others’ suffering. The belief that the poor and indigenous were less 
susceptible to pain, for instance, was still held by many into the 
twentieth century. We can learn to “suffer better”, argues Bourke, by 
recognizing that pain is multifaceted and culturally embedded. 


The Trilobite Book: A Visual Journey 

Riccardo Levi-Setti UNIVERSITY OF CHICAGO PRESS (2014) 

They may have died out 250 million years ago, but trilobites — a 
group of marine arthropods containing some 20,000 species — have 
a persistent grip on the human imagination. This coffee-table gem 
by physicist and trilobite aficionado Riccardo Levi-Setti marries the 
intertwined story of his global hunt for specimens and trilobites’ 
place in prehistory with 235 superb colour photographs of select 
fossils. Perhaps most astounding is the array found by Arkadiy 
Evdokimov in Russia: their preservation is exquisite, down to the 
rococo flourishes of curving spines and protuberant, complex eyes. 


Blue Mind: How Water Makes You Happier, More Connected and 
Better at What You Do 
BLU E Wallace J. Nichols LITTLE, BROWN (2014) 
MI N D The nexus of wellbeing and proximity to water — ocean 
shores, lakes, even fountains — holds promise as an area of 
multidisciplinary study, argues marine biologist Wallace Nichols. 
And in his popular mix of biology, neuroscience and ecosystem 
analysis, some findings do compel. The sight of moving water, for 
instance, can subtly boost daydreaming, that neural “drift” in the 
default-mode network that benefits brain function. Barbara Kiser 
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Neil Armstrong trains in a simulator ahead of the Apollo 11 Moon landing mission. 


Lunar star 


Roger D. Launius is perplexed by a biography of Neil 
Armstrong that profiles the missions, not the man. 


hatever else Jay Barbree’s Neil 
Armstrong: A Life of Flight might 
be, itis not a biography of the first 


man to walk on the Moon, who died in 2012. 
Instead, it is an almost mission-by-mission 
summary of NASAs Apollo programme, 
observations on the nature of human space- 
flight throughout the past half century and 
a few insightful stories. The anecdotes are 
detailed and effective, and sometimes illu- 
minate larger issues. There are conversations 
with space celebrities, astronauts’ jokes and 
debates over the focus of space initiatives. 
At the very least, this represents a unique 
opportunity to read the details of what some 
astronauts, including Armstrong, might 
have been thinking at times in their careers. 
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But what might a full biography of 
Armstrong have explored? First and fore- 
most is Armstrong’s multifaceted persona. He 
spent his life flying, becoming a pilot before he 
could drive. He was most proud of his naval 
service during the Korean War, when he flew 
combat missions from the USS Essex against 
targets immortalized in the James Michener 
novel The Bridges at Toko-Ri (Random House, 
1953). Later, as a research pilot, he flew high- 
performance aircraft such as the X-15. 

Asan astronaut, Armstrong sought neither 
fame nor riches. He could have done anything 
he wished after he completed the Apollo 11 
Moon landing mission, yet he chose to teach 
aerospace engineering at the University of 
Cincinnati in Ohio. Perhaps no one ever really 
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knew him — a reti- 
cence that was com- 
pelling in itself. Always 
gracious, Armstrong 
was nonplussed by the 
attention he received 
after Apollo 11; he 
knew that he was 
simply one among 
thousands who made 
the Moon landing 
possible. Regardless, 
he carried the weight 
of that historical mis- 
sion on his back for more than 40 years. And 
he did much during his reclusive years after 
Apollo 11, serving on multiple national stud- 
ies about spaceflight for NASA and various 
presidents. Although some at NASA would 
have preferred that he gave more public sup- 
port to the agency’s initiatives, Armstrong's 
thoughtful perspective carried weight. 

I would have appreciated an explanation 
of the space-policy issues that Armstrong 
became involved in, as well as a full discussion 
of his role. Barbree briefly mentions a letter 
sent by Gene Cernan (Apollo 17), Jim Lovell 
(Apollo 8 and Apollo 13) and Armstrong to 
US President Barack Obama in response to 
the space shuttle’s impending retirement, but 
does not fully explain its content. It warned 
that failure to pursue an aggressive govern- 
ment spaceflight programme “destines our 
nation to become one of second- or even 
third-rate stature”. That debate still rages. It 
originated in no small measure over whether 
to maintain the traditional approach to 
human spaceflight that NASA has taken 
for 50 years, which Armstrong apparently 
backed: owning the vehicles and operat- 
ing them through contractors. By contrast, 
those from the ‘new’ space world want to 
allow private-sector firms to seize the initia- 
tive and pursue entrepreneurial approaches 
to human spaceflight. Traditionalists believe 
that the entrepreneurs will sacrifice safety; 
entrepreneurs point to the large, over-budget 
programmes of the traditionalists. 

Barbree has the longest tenure of any jour- 
nalist covering the space programme; his 
knowledge is both broad and deep. A more 
personal account of Armstrong would have 
been welcomed by all. As it is, Armstrong 
the man has been best captured in James 
R. Hansen's First Man: The Life of Neil A. 
Armstrong (Simon & Schuster, 2005). The 
astronaut cooperated with every aspect of 
that book. There will be many other fine 
biographies, but it is unlikely that any will be 
definitive, given Armstrong's complexity. = 


Neil Armstrong: 

A Life of Flight 

JAY BARBREE 

Thomas Dunne: 2014. 
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Assess benefits and 
costs of shale energy 


The United States and Canada 
are already extracting fossil 

fuels from shale formations by 
fracking, and the industry is 
expanding rapidly into Australia, 
Asia, South America and Europe. 
Whereas conventional energy- 
production sites tend to cause 
mainly local impacts, the wide 
spatial footprint of shale-energy 
extraction means that many 
more people will be affected as 
such sites are established. 

We estimate that around 
300 million people across 
6 continents occupy land 
overlying shale-energy 
reservoirs (see ‘Socio-economic 
impacts of shale energy’). This 
figure is based on shale gas 
and oil basins identified by 
the US Energy Information 
Administration (see go.nature. 
com/tgsmsv) and on settlement 
data. Large-scale industrial 
extraction sites are likely to have 
socio-economic consequences 
for all these people. 

These effects could be benefits 
or costs, depending on how 
they play out. Examples include 
positive or negative changes 
to income, employment and 
housing costs for individuals. 
For communities, there could be 
impacts on population growth, 
youth migration, income 
distribution, the aesthetic appeal 
of the landscape and service 
provision. Extraction sites 
could also alter the economic 
productivity of host areas, for 
example because of competition 
for land use or the energy sector’s 
high wages. 

Tackling these factors fairly 
will be a challenge to policy- 
makers, who need to realize 
the benefits of shale-energy 
technology to communities. 
They also have to offset potential 
losses, including setting 
appropriate compensation. 
Thomas G. Measham, David 
A. Fleming CSIRO Ecosystem 
Sciences, Black Mountain 
Laboratories, Canberra, Australia. 
tom.measham@csiro.au 


SOCIO-ECONOMIC IMPACTS OF SHALE ENERGY 


Of all humans in populated areas (dark blue dots) across the globe, 


some 300 million live above known shale-energy reservoirs (red dots). 


Maize is not a clue to 
Puerto Rican origins 


You discuss the implications 

of the unpublished discovery 

of DNA from maize (corn) in 
ancient faeces from two pre- 
Columbian cultures on Vieques 
Island, Puerto Rico (Nature 
http://doi.org/s8g; 2014). We 
question the inference from this 
discovery that one culture, the 
Huecoid people, originated from 
the Bolivian Andes. 

That inference is presumably 
based on the assumption that 
maize and chicha (a fermented 
maize beverage) were produced. 
in Bolivia. However, both items 
were widely used throughout 
pre-Columbian America during 
Huecoid times in 400 Bc to AD 600 
(see, for example, R. M. Bonzani 
and A. Oyuela-Caycedo in 
Histories of Maize 343-356; 
Academic Press, 2006). Maize 
was also already present among 
pre-Arawak Antillean groups by 
2950 Bc and, contrary to your 
speculations, was not introduced 
into Puerto Rico by the Huecoid 
people (see J. R. Pagan-Jiménez 
in The Oxford Handbook of 
Caribbean Archaeology 391-406; 
Oxford Univ. Press, 2013). 

The archaeological evidence 
of early Caribbean societies 
therefore indicates that Puerto 
Rican natives may have had 
earlier and more wide-ranging 
origins than your report implies 
(see also R. Rodriguez-Ramos 
Rethinking Puerto Rican 
Precolonial History; Univ. 
Alabama Press, 2010). 

Jaime R. Pagan-Jiménez Leiden 


University, the Netherlands. 
Reniel Rodriguez-Ramos 
University of Puerto Rico, Utuado, 
Puerto Rico. 

José R. Oliver University College 
London, UK. 
j-r.pagan.jimenez@umail. 
leidenuniv.nl 


Greek science must 
reform to survive 


Greece's progress in science was 
remarkable in the decade before 
the country’s severe economic 
downturn at the end of 2008. 
Although subsequent research 
output has been sustained 
against the odds, prompt and 
coordinated action is now 
needed to avert a crisis. 

During 1999-2009, the 
proportion of papers published 
worldwide that included at 
least one Greek author rose 
from 0.43% to 0.76%, and 
Greece moved up from 31st to 
24th in the global ranking of 
annual publications (data from 
Scopus, derived using SClmago; 
www.scimagojr.com). At the 
peak of its research output in 
2009, Greece had a greater 
scientific output per capita than 
France, Italy or Japan — despite 
the Greek government’s record of 
under-investment in research. 

Because Greece's research 
budget has since fallen behind 
that of the rest of Europe, this 
peak has become a plateau 
— unlike in almost all other 
European Union countries, where 
publication outputis rising. 
Hiring of staffhas ceased and 


researchers salary cuts are killing 
competitiveness and leading to a 
mass exodus to foreign labs. 

To avoid a descent back to last 
century’s rankings, it is vital that 
Greece uses its resources creatively 
and efficiently by instigating 
essential structural reforms, 
including a national science plan, 
evaluation of funding allocation, 
and university restructuring. It 
should also encourage stronger 
cooperation among national 
research centres and more 
international collaboration. 
Nikolaos Vrachnis, Nikolaos 
Vlachadis University of Athens 
Medical School, Athens, Greece. 
Dionisios Vrachnis University of 
Patras Medical School, Greece. 
nvrachnis@hotmail.com 


Update German view 
of genetic testing 


There has been scant public 
discussion about genetic 
screening of embryos in 
Germany, presumably because 
ofa residual suspicion of genetic 
diagnostics after the sinister 
history of Nazi eugenics. To 
rectify this and to remove 
ideological preconceptions, the 
Leopoldina, Germany’s national 
academy of sciences, set up 

an interdisciplinary panel of 
experts last year to discuss the 
ethical implications of genetic 
diagnostics (see go.nature.com/ 
gzmhpe; in German). 

The panel agreed that adequate 
genetic counselling is paramount, 
that personal freedom and human 
dignity must be preserved, and 
that a third party should not be 
allowed to decide the fate of an 
embryo that tests positive fora 
severe genetic disease. 

The panel’s main concerns were 
to find the best ways to safeguard 
the voluntary decisions of couples 
to undergo and act on genetic 
testing of their unborn child, and 
to protect the rights of tested and 
untested children born witha 
genetic disease. 

Peter Propping, Heinz Schott 
University of Bonn, Germany. 
propping@uni-bonn.de 
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OBITUARY 


Gerald Edelman 


(1929-2014) 


Biologist who won Nobel for solving antibody structure. 


erald Edelman was a man of diverse 
(Gees and broad knowledge. A 

pre-eminent biologist, he was also 
an accomplished writer and musician, and 
read widely in philosophy. This brought 
an elegant style to his science, and gave 
his more speculative intellectual works a 
characteristic literary format. 

Edelman died on 17 May in La Jolla, 
California. Born in Queens, New York, in 
1929, he studied medicine. He then turned 
to immunology and spent most of his 
research career at Rockefeller University 
in New York. His focus on the structure 
of antibodies in the 1960s led to the 1972 
Nobel Prize in Physiology or Medicine, 
which he shared with Rodney Porter. The 
award recognized Edelman’s work on the 
descriptions of the heavy (H) and light (L) 
polypeptide chains, and Porter’s on the 
distinct binding domain (antigen-binding 
or Fab fragment) of antibodies (also called 
immunoglobulins). These were the first 
dominoes to fall in the elucidation of the 
structural variability that lies at the heart of 
antibody-based recognition of infectious 
agents such as bacteria and viruses. 

With colleague Joseph Gally, Edelman 
discovered that L-chain polypeptides were 
secreted in the urine of a person with a mye- 
loma tumour. Being homogeneous (that is, 
each chain contained a single amino acid 
sequence), these light chains were amena- 
ble to structural characterization, unlike the 
mixture of antibodies in blood. 

After the prize, Edelman’s group expanded 
its interests into several areas, including 
carbohydrate-binding proteins, cell-to-cell 
adhesion mediated by proteins on the sur- 
face membranes of cells, and tissue morpho- 
genesis. But his personal focus was turning 
towards the nervous system, leading in 1981 
to his founding and direction of the Neuro- 
sciences Institute in New York, which he 
moved with him in 1993 to San Diego, Cali- 
fornia, where it became part of the Scripps 
Research Institute (from which it became 
independent in 2012). 

Edelman was fascinated throughout his 
career by the enormous explanatory poten- 
tial of selective-recognition systems. These 
had already been used to attack and eluci- 
date two of the most challenging problems 
in biology: the evolution of species and the 
adaptive immune response. Darwinian evo- 
lution of species depends on fitness-based 
selection from a repertoire of variable genetic 
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traits; the immune system recognizes foreign 
substances by selecting from a repertoire of 
antigen-recognizing cells. 

Over about the same period as the antibody 


\ 


studies, two fundamental properties of 
neurons and their synaptic connections were 
discovered by different teams: that cortical 
neurons are organized into discrete groups of 
cells, and that synapses strengthen through 
use. Edelman reasoned that the formidable 
recognition and processing capabilities ofa 
complex nervous system depend on selection 
operating on cell groups that differ in their 
connectivity patterns. Incoming sensory 
information would elicit a response from 
distinct cell groups; it could be modified, he 
posited, by repetitive recognition (termed 
re-entry) that provided opportunities for 
strengthening, abstraction and association. 
Thus, he argued, the simplicity of repeated 
selection from an evolving repertoire could 
account for the astonishing information-pro- 
cessing power of sophisticated neural systems. 

Edelman presented this idea in several 
books, including Neural Darwinism (Basic, 
1987), Bright Air, Brilliant Fire (Basic, 1993) 
and A Universe of Consciousness (Basic, 
2001), which was written with colleague 
Giulio Tononi. The descriptions and argu- 
ments are often dense and elaborate, viewed 
by some readers as possessing an admirable 
literary quality, and by others as redundant 
and opaque. 

Given his multidimensional background 
and relentless intellect, it is not surprising that 
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Edelman was a complicated and controversial 
individual, in his research and his relation- 
ships. He could range from charming and 
inspiring to arrogant and abrupt. Although 
colleagues often found him abrasive, in his 
group Edelman could be an effective and 
generous leader. He sustained collabora- 
tions with several prominent scientists, 
including Gally, Bruce Cunningham — 
whose biochemical skills were essential in 
the formidable task of antibody analysis in 
the 1960s and 70s — and George Reeke in 
the early modelling of selective brain func- 
tion from the 1980s onwards. 

Edelman was also an exceptional 
mentor. He had a gift for formulating 
important hypotheses. He instilled a 
pragmatic attitude towards experimen- 
tal design: his coinage ‘the refrigerator 
principle’ expressed that ideas some- 
times come from the ready availability 
of reagents. He warned of the dangers of 
distraction — ‘don't look sideways’ — and 
stressed the value of interpreting results 
ina broader context. 

Training with him was intense. He once 
told a senior student: “It’s your year, son, to be 
in the nitric acid sitz bath.” Thesis presenta- 
tions in Rockefeller’s legendary Caspary Hall 
were preceded by weeks ofhis direct scrutiny 
— experiences of enduring value to building 
a research career, and becoming a mentor for 
the next generation. 

With Edelman’s passing, there remains the 
task of testing his theory of selection-based 
brain function. As with Darwin's species evo- 
lution and the adaptive immune response, the 
theory was proposed before anyone under- 
stood the underlying cellular and molecular 
mechanisms, and before there were adequate 
analytical tools. There have been some 
remarkable advances in the past five years 
in the use of genetics and molecular report- 
ers of synaptic activity that allow real-time 
evaluation of substantial groups of cells in 
functioning brain tissue. Thus one can begin 
to imagine a line of investigation that could 
address the challenge that his provocative 
work presents to neuroscience. m 


Urs Rutishauser is at the Sloan Kettering 
Institute at the Memorial Sloan Kettering 
Cancer Center in New York. He was a 
student and colleague in Gerald Edelman's 
laboratory at Rockefeller University in New 
York from 1967 to 1983. 

e-mail: u-rutishauser@mskcc.org 


CLAUDIO VITALE 


NEWS & VIEWS 


FORUM: Nuclear-weapons dismantlement 


Identifying a hidden warhead 


A means of verifying that nuclear warheads to be dismantled are genuine items has been proposed that potentially reveals 
no information to an inspector about the design of the weapons. Two experts explain the ins and outs of the method and its 
implications for arms-control policy. SEE ARTICLE P.497 


THE PAPER IN BRIEF 

@ To prevent the proliferation of nuclear 
weapons, the protocol used by an inspector 
to verify the authenticity of a weapon must 
not reveal sensitive information about the 
weapon’s design. 

@ This requirement presents a major 
challenge, because currently proposed 
inspection procedures may allow tampering 


Nuclear 
blind man’s buff 


JOHN FINNEY 


Ho do you know that an item concealed 
in a box is what you are told it is if you 
are not allowed to measure the properties of 
the item through the box walls? This is the 
problem faced by inspectors in satisfying 
themselves that the item is a nuclear warhead. 
Instruments based on y-ray and neutron 
spectroscopy could tell us that the box 
contains a certain amount (‘x kilograms) of 
plutonium-239. But because such measure- 
ments would reveal warhead-design informa- 
tion that could assist weapon proliferation, 
their full use contravenes the Treaty on the 
Non-Proliferation of Nuclear Weapons. 

The currently accepted solution is to pass the 
data from the instrument's detector through 
a ‘redactive’ information barrier so that the 
inspector receives only non-proliferative infor- 
mation (Fig. 1). Ideally, this would be a yes or 
no answer to questions such as, ‘does the mass 
of plutonium exceed x kg; or ‘does its isotopic 
composition exceed y% of *’Pu’? Work to try 
to achieve such outcomes has ranged from soft- 
ware or hardware data manipulation to systems 
based on neural networks, genetic algorithms 
and pattern recognition” *. But the (some 
would say) Byzantine weapon-dismantling 
procedures required to maintain security pro- 
vide opportunities for tampering with instru- 
mentation and data by both host and inspector. 

Glaser and colleagues’ study gets over the 
problem of the inspector seeing classified 
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with instrumentation and data. 

@ Glaser et al. (page 497) have developed a 
protocol based on neutron transmission in 
which sensitive information is not actually 
measured. 

@ The procedure potentially meets the 
restriction on information disclosure and 
could allow inspectors to verify weapon 
authenticity with high confidence. 


information by just not measuring it. This 
may seem strange, but such a ‘zero-knowl- 
edge’ approach has a good pedigree in 
cryptography”. In essence, the proposed pro- 
tocol, which is based on neutron transmission 
through the contained warhead, gives a null 
result if the item is what the host says that it is. 

The authors’ neat explanation of the principle 
illustrates how a simple technique — counting 
marbles — applied with logic can give a high 
degree of confidence that two cups of marbles 
contain the same (but unknown) number of 
marbles (see Fig. 1 of the paper’). In the neutron 
case, counting neutrons transmitted through 
the warhead will produce a neutron radiograph 
(call this T); this is similar to a medical X-ray, 
only using neutrons rather than X-rays. To 
avoid seeing this radiograph, and hence obtain- 
ing proliferative information, the inspector uses 
detectors that are preloaded by the host with the 
negative of the contained warhead’s radiograph 
(—T).So, ifthe item is genuine the inspector will 
see a null signal: -T + T=0. He or she can then 


=> = 


confirm that the item is as declared, but is no 
wiser about its detailed properties. 

There are problems to be addressed before 
such a protocol can be implemented, and 
Glaser and colleagues discuss several of these 
in their article. But as long as such problems 
can be overcome, this brilliant idea could solve 
one of the really messy issues that we will have 
to deal with when we finally agree to rid our- 
selves of these weapons. 


John Finney is in the Department of Physics 
and Astronomy and the London Centre for 
Nanotechnology, University College London, 
London WCIE 6BT, UK. 

e-mail: john.finney@ucl.ac.uk 


Waiting for politics 
to catch up 
JAMES M. ACTON 


he problem seems as imponderable as 

Bilbo’s riddle to Gollum in The Hobbit: 
“What have I got in my pocket?” A state has 
a concealed object that it claims is a nuclear 
weapon. It wishes to provide proof, but the 
object's design is largely secret and inspectors 
are forbidden from making measurements that 
might reveal classified information. Glaser and 
colleagues’ ingenious solution is an unclassi- 
fied measurement that provides statistical 


Detector 


Contained 
warhead 


Information 
barrier 


Figure 1 | Conventional warhead-verification scheme. The usual approach to verifying that a nuclear 
warhead concealed in a container is what an inspector is told it is involves an information barrier. This 
barrier accepts high-quality information from a detector, processes it in such a way that classified data 
about the concealed item do not pass through to the inspector, and passes on a simple yes or no answer to 
an agreed fact about the item. Glaser et al.' propose a new protocol to nuclear-warhead verification that 
does not involve such a barrier but potentially reveals no classified information. 
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confidence that the object is identical to an 
agreed ‘template’. Unfortunately, as is often the 
case, the technology of arms control is some 
years ahead of its politics. 

The most recent arms-control agreement 
between Russia and the United States, the 
New Strategic Arms Reduction Treaty (New 
START), limits deployed strategic warheads — 
those physically attached to long-range delivery 
systems. For verification purposes, it permits 
inspectors to count objects inside the nose cone 
ofa ballistic missile. However, inspectors do not 
check that these objects really are warheads. 
After all, if Russia wants to put a lump of rock 
ona missile and pretend that it is a warhead, the 
United States is not disadvantaged. 

Once warheads are removed from missiles, 
however, they leave New START’s account- 
ancy system. They can be — and frequently 
are — stored rather than destroyed. As a result, 
arms controllers have proposed that the United 
States and Russia negotiate a new agreement 
covering warheads in storage. The admin- 
istration of US President Barack Obama has 
endorsed this idea. However, even before Rus- 
sia’s annexation of Crimea in March this year, 
there was no short-term path to clearing the 
obstacles, including a particularly vexatious 
disagreement over ballistic-missile defence, 
that lie in the way of a new treaty’®. 

In the future, changing political circum- 
stances may provide an opening for a more 
ambitious treaty that limits all warheads and 
requires the destruction of any excess. In this 
case, unlike under New START, a state might 
have an incentive to cheat by trying to pass 
off a ‘fake’ as an authentic warhead slated for 
dismantlement, allowing the real thing to be 
diverted to a clandestine stash. Glaser and col- 
leagues’ approach provides a promising way for 
inspectors to ensure that they are not being 
hoodwinked. 

While waiting for political change, govern- 
ment scientists could subject this protocol 
to an independent analysis to confirm that 
inspectors would not learn classified infor- 
mation, and non-governmental experts could 
compare this protocol with other, more con- 
ventional approaches’. After all, we should 
probably work out how to verify a comprehen- 
sive treaty before negotiating one. = 


James M. Acton is at the Carnegie 
Endowment for International Peace, 
Washington DC 20036-2103, USA. 
e-mail: jacton@ceip.org 
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ANTIBIOTIC RESISTANCE 


NEWS & VIEWS | RESEARCH | 


To the rescue of 


old drugs 


A naturally occurring fungal compound has been found to restore the 
susceptibility of bacteria to a class of antibiotic that is currently considered 
to be our last defence against serious infections. SEE ARTICLE P.503 


DJALAL MEZIANE-CHERIF 
& PATRICE COURVALIN 


he emergence and spread of antibiotic 

resistance in bacteria has potentially 

drastic consequences for human health 
around the world. There is a pressing need for 
new antibiotics, or for further strategies to 
overcome antibiotic resistance — not only to 
ensure that we can continue to treat infectious 
diseases, but also to safeguard the practice of 
medical procedures such as organ transplants, 
chemotherapy and surgery, which are accom- 
panied by an increased susceptibility to infec- 
tions. One approach to combating resistance 
is to use combined treatments consisting of 
an antibiotic and a compound that potentiates 
the antibiotic’s activity by targeting bacterial 
resistance mechanisms’. On page 503 of this 
issue, King et al.’ report that aspergillomaras- 
mine A, a naturally occurring fungal product, 
isa rapid and potent inhibitor of enzymes that 
confer antibiotic resistance on enterobacteria. 


Resistant 
enterobacterium 


Sensitive 
enterobacterium 


There has been growing alarm over the 
spread of bacterial resistance to carbapenems* 
(antibiotics containing a B-lactam ring struc- 
ture that is essential for their function). Carba- 
penems are used to treat serious infections due 
to enterobacteria such as Escherichia coli and 
Klebsiella pneumoniae, which cause a variety of 
conditions, including pneumonia, septicaemia 
and meningitis. 

Enterobacteria become resistant to car- 
bapenems by producing one of two types of 
enzyme — serine B-lactamases or metallo- 
B-lactamases (MBLs). Serine B-lactamases 
contain a serine amino-acid residue that 
inactivates the antibiotic by cleaving the 
drug’s B-lactam ring. MBLs contain a zinc 
ion that activates a nucleophilic water mol- 
ecule, leading to cleavage of the ring by 
hydrolysis (Fig. 1a). Several inhibitors of serine 
B-lactamases are already used in combination 
with penicillins to overcome resistance* (one 
commonly used example is Augmentin, a com- 
bination of clavulanic acid and amoxicillin). 


Periplasmic space 


Meropenem 


Figure 1 | Overcoming antibiotic resistance. a, Production of the enzyme NDM-1 by enterobacteria 
confers resistance to antibiotics of the carbapenem family. One such antibiotic is meropenem, which acts 
in the periplasmic space, targeting the cell wall. NDM-1 inactivates meropenem through zinc ions, which 
activate a nucleophilic water molecule, leading to cleavage of the antibiotic’s B-lactam ring. b, King et al.’ 
report that a naturally occurring fungal compound, aspergillomarasmine A (AMA), can interact with 
the zinc ions of NDM-1, preventing inactivation of meropenem, which then kills the enterobacteria by 


breaking down their cell wall. 
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However, despite several efforts’, no effective 
inhibitors of MBLs are available. 

Most members of our current antibiotic 
arsenal originate from screens of naturally 
occurring chemicals produced by soil micro- 
organisms®. King and colleagues reasoned 
that replication of this approach might lead 
to the discovery of small molecules that could 
resensitize bacteria to drugs against which they 
have developed resistance. The authors per- 
formed a screen of naturally occurring micro- 
bial extracts to find compounds that could 
inhibit an MBL called New Delhi metallo-B- 
lactamase 1 (NDM-1). 

Their screen identified one compound, 
aspergillomarasmine A (found in an extract 
from the fungus Aspergillus versicolor), that 
could restore the efficiency of meropenem, 
a carbapenem, against E. coli strains produc- 
ing NDM-1. Aspergillomarasmine A has 
previously been shown to inhibit angiotensin- 
converting enzyme (ACE), which is produced 
in the body and causes blood-vessel constric- 
tion, increasing blood pressure. ACE is a zinc- 
dependent metalloproteinase and shares some 
functional similarities with MBLs, which sug- 
gests that aspergillomarasmine A might inhibit 
NDM.-1 by interacting with zinc ions. Indeed, 
the authors found that aspergillomarasmine A 
removes zinc ions from NDM.-1 in the same 
fashion as other known metal-binding mol- 
ecules that interact with MBLs’ (Fig. 1b). 

King and colleagues tested the ability of their 
compound to combat resistance in 229 MBL- 
expressing strains of bacteria that had been iso- 
lated from patients over 10 years, from various 
parts of the globe. When used in combination 
with meropenem, they found that aspergillo- 
marasmine A restored antibiotic susceptibil- 
ity in 88% of NDM-1-producing strains of 
enterobacteria. Remarkably, in mice infected 
with a lethal strain of K. pneumoniae that 
produces NDM-1, a single-dose treatment of 
aspergillomarasmine A and meropenem led 
to a survival rate of more than 95% after 5 days 
of infection. 

The authors showed that aspergillomaras- 
mine A is selective — it has potent activity 
against NDM-1 and another MBL, Verona 
integron-encoded metallo-B-lactamase 2 
(VIM-2), but much weaker activity against 
ACE. Unfortunately, aspergillomarasmine A is 
also ineffective against other anti-carbapenem 
enzymes, which, if this treatment were rolled 
out, might become more common, leading 
to resistance again. Furthermore, treatments 
involving compounds that aim to remove zinc 
ions from MBLs might inhibit the body’s own 
metalloenzymes, causing serious side effects. 
However, a previous study* demonstrated that 
mice treated with aspergillomarasmine A had 
few side effects, and on average showed no 
change in arterial blood pressure. Although 
this is encouraging, the effects on other mam- 
malian enzymes should be tested before drugs 
based on this premise are developed. 
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King and co-workers’ study re-emphasizes 
the fact that drug-inhibitor combinations can 
be used to address the problem of increasing 
antibiotic resistance, through extending the 
lifespan of existing antibiotics. Theoretically, 
this approach could be applied to any resist- 
ance mechanism that affects the treatment of 
disease. However, many pathogens harbour 
more than one mechanism that confers resist- 
ance toa given drug class’. For example, efflux 
pumps in the cell membrane remove toxic 
chemicals (including most classes of antibiotic) 
from the cell, and a single inhibitor cannot 
address this problem as well as other resistance 
mechanisms, such as modification of the anti- 
biotic’s target or enzymatic degradation of the 
drug. Such multi-pronged resistance means 
that the future of antimicrobial chemotherapy 
will have to rely on combinations of drugs with 
different targets, as is the case for therapies for 
cancer and viral infections. 

Designing new antibacterial drugs is not an 
easy task, requiring the development of syn- 
thetic chemicals combined with exploration 
of naturally occurring compounds. But the 


FUNDAMENTAL CONSTANTS 


reservoir of natural products with the potential 
to act as antibacterial drugs has not yet been 
exhausted. In contrast to general thinking by 
drug companies, screening for such products 
may well still have a bright future. = 
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A cool way to 
measure big G 


Published results of the gravitational constant, a measure of the strength of gravity, 
have failed to converge. An approach that uses cold atoms provides a new data point 
in the quest to determine this fundamental constant. SEE LETTER P.518 


STEPHAN SCHLAMMINGER 


the gravitational force between Earth 

and an object, say an apple. However, the 
gravitational attraction between two apples 
cannot be observed without using a sensitive 
apparatus such as a torsion balance — it is 
just too small. On page 518 of this issue, Rosi 
et al.’ describe an amazing measurement: 
the gravitational force between a rubidium 
atom and a 516-kilogram mass, with a rela- 
tive uncertainty of just 0.015%. Their experi- 
ment was aimed at a precise determination of 
the gravitational constant, which describes 
the strength of the gravitational pull that 
bodies exert on each other, and was based 
on the technique of atom interferometry — 
a method that takes advantage of the wave 
nature of cold atoms to precisely measure 
gravitational acceleration. 

In the atom interferometer described by Rosi 
and colleagues, a cloud of rubidium atoms at 
a temperature close to absolute zero is repeat- 
edly tossed up vertically. To understand how 


le our daily lives, we can see the effect of 
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this cloud in free fall probes gravity, quantum 
mechanics is needed. For simplicity, consider 
that the atoms in the cloud can be in two differ- 
ent atomic states, A and B. At the beginning, all 
atoms are in state A. By exposing an atom to an 
appropriately shaped light pulse, the atom can 
transition from A to B with a certain probabil- 
ity, let’s say 50%. While the atom is not being 
observed, it is simultaneously in both states 
(50% in A and 50% in B), a concept known 
as superposition. In addition to inducing the 
transition from A to B, the light pulse transfers 
vertical momentum such that the B state has a 
larger vertical velocity than the A state. 

The relative fraction of the two different 
states in this superposition varies with time, 
and its rate of change depends on the differ- 
ence of the products of the momentum and 
the travelled vertical distance for each state. 
Owing to its larger momentum, state B travels 
higher than state A in the presence of the local 
gravitational acceleration, g, caused mostly 
by Earth and any masses in the vicinity of the 
cloud. Hence, the rate of change is a function of 
g. After the atomic cloud descends, close to the 
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Figure 1 | The big picture for big G. Published results of measurements of the gravitational constant, G, 
over the past 32 years. The solid circles denote measurements that employed torsion balances. The three 
lower solid squares show results that were obtained using a beam balance or two pendulums. The upper 
solid square is the result obtained by Rosi and colleagues’ using the technique of atom interferometry. The 
shaded area denotes the one-standard-deviation confidence interval of the value from the 2010 CODATA 


compilation of physical constants". 


launch point, the ratio of the number of atoms 
in state A to state B is measured, from which g 
can be calculated’. 

To measure the gravitational constant G, 
an external mass, referred to as a field mass, 
is required. To understand the principle of the 
experiment we make two simplifications: we 
assume the field mass is a point with mass M, 
and that the atom interferometer measures gat 
one fixed point. In reality, the atom interfero- 
meter measured along a trajectory and cylin- 
drical field masses were used. In this case, the 
idea is the same, although the maths is more 
complicated. The point mass is first located 
a distance z above the interferometer and the 
acceleration g;pove= —@+ G (M/z’) is measured. 
Next, the point mass is moved to a distance 
z below and gyeow=——- G (M/Z) is obtained. 
As long as g remains the same between the 
two measurements, G can be obtained from 
the difference between the measurements, 
G = (above ~ Zbelow) 2 /(2M). Unfortunately, 
g changes with time owing to tidal accelera- 
tions produced by the Sun and the Moon, 
air-pressure variations, and the movement of 
masses in the vicinity of the experiment. 

To solve this problem, Rosi and co-workers 
measured Zpoye ANA pelo Simultaneously by 
stacking two atom interferometers on top of 
each other. Two field masses were used and 
were at first in between the interferometers. 
The measured difference between g,,,y.and 
Loelow (the signal) is mostly independent of 
the temporal variation of g, but is dependent 
on its spatial variation, because the measure- 
ments were taken at different locations. The 
field masses were then moved such that one 
was above the upper interferometer and the 
other was below the lower interferometer, 


and the measurement was repeated. The 
difference between the signals in the latter 
field-mass configuration and the former 
one is independent of the spatial variation 
of g, and G was obtained by averaging about 
100 such signal differences. The result is 
G= (6.67191 +0.00099) x 107"! cubic metres 
per kilogram per square second. The relative 
uncertainty of the measurement is 0.015%. 

The experiment is exciting because it uses 
modern tools to solve an old problem. Using 
atoms to sense gravity instead of conventional 
mechanical devices, such as torsion balances, 
has several advantages. For example, the atom 
does not require a physical connection to the 
laboratory and is hence not biased by stray 
forces that such a connection would introduce 
to the measurement. 

Naively, one would think that torsion 
balances are much better tools to precisely 
determine G than other devices. The torsion 
balances are much simpler in design and 
measure in a direction perpendicular to g, 
avoiding systematic effects caused by tempo- 
ral variations of g. However, measurements 
performed over the past two centuries, mostly 
using torsion balances, have failed to converge 
on a trustworthy value of G. Figure 1 shows 
the results obtained in the past three decades. 
Out of the 11 results* ° shown, only three were 
measured with devices other than a torsion 
balance. One measurement was performed 
with a beam balance, a device that is typically 
used to measure mass, and two with pairs of 
pendulums. The relative difference between 
the largest and the smallest number is 0.055% 
— or about 40 times the size of the error bars of 
the experiment with the smallest uncertainty. 

The various measurements of G seem 
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not to converge on a value; it seems that the 
convergence gets worse with each additional 
data point. This is especially disconcerting 
because it is thought that G is a fundamental 
constant of nature. Although we cannot rule 
out for certain that the spread of the obtained 
values is caused by so far undiscovered prop- 
erties of gravitation, this hypothesis seems 
unlikely because most plausible modifications 
to our theory of gravitation are excluded by 
other experimental tests. Adding more data 
points from isolated experiments has not 
been the best strategy to improve the situation. 
Instead, forming an international consortium" 
to coordinate these demanding experiments 
has been suggested. 

Under the auspices of such a consortium, 
one or more apparatus can be sent to differ- 
ent institutions for measuring G. The different 
results and uncertainties could be compared. 
Such a procedure would provide insight into 
underestimation of uncertainties, the pro- 
pensity to overlook bias in the experiment, 
and ‘intellectual phase locking”, which is 
the tendency of an experimenter to stop 
looking for systematic effects once the meas- 
urement agrees with previously published 
results. By enhancing our understanding of 
these three human sources of error, which 
could be responsible for the spread shown 
in Figure 1, a more credible value of G can be 
obtained. 

Rosi and colleagues’ experiment provides 
an important data point in our quest to meas- 
ure G (ref. 16). The experiment is vastly dif- 
ferent from all other measurements, and the 
size of the achieved uncertainty, although still 
somewhat large, is approaching those obtained 
using torsion balances. Over the past 6 years, 
this team has reduced the uncertainty of their 
experiment by a factor of 10 compared with a 
preliminary result published in 2008 (ref. 17). 
Stay tuned, as they continue to push this tech- 
nique to smaller uncertainties. = 
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RNA on target 


Enzymes that attach amino acids to transfer RNAs during protein synthesis must 
recognize both substrates specifically. Crystal structures reveal a mechanism 
that explains the RNA specificity for one such system. SEE ARTICLE P.507 


OSCAR VARGAS-RODRIGUEZ & 
KARIN MUSIER-FORSYTH 


ow genetic information encoded in 
H nucleic acids is translated into amino- 
acid sequences in proteins has 
fascinated researchers for decades. Faithful 
translation involves specific pairing of triplets 
of nucleotides, called codons, in messenger 
RNA with complementary anticodons in 
transfer RNA. High accuracy also requires the 
attachment (aminoacylation) of each type of 
amino acid to a specific type of tRNA. Each 
variant of the aminoacylation reaction is cata- 
lysed by a particular aminoacyl-tRNA syn- 
thetase (ARS) enzyme, which must distinguish 
its own amino-acid substrate and the matching 
tRNA from the large pool of similar substrates. 
In this issue, Naganuma eft al.’ (page 507) report 
crystal structures that cast light on the remarka- 
ble mechanism by which information encoded 
in part of a tRNA is interpreted by an ARS, 
resulting in highly specific aminoacylation. 
One of the simplest examples of tRNA 
recognition is that of alanyl-tRNA synthetase 
(AlaRS), the enzyme that attaches the amino 
acid alanine to its tRNA (tRNA“"). Across 
all domains of life, this recognition process 
relies primarily on a single ‘wobble’ base pair 
(designated G3-U70, where G and U represent 
the bases guanine and uracil, respectively) ina 
region of tRNA*“" called the acceptor stem”. 
The AlaRS-tRNA system has long been a 
model for studies of protein-RNA interactions 
and has been extensively investigated. Much 
was learned from these studies and from 
defining the three-dimensional structures 
of most of the other ARS-tRNA complexes, 
but a crystal structure of the AlaRS-tRNA*" 
complex has been lacking. Naganuma and 
colleagues now report the crystal structure 
of AlaRS from the microorganism Archaeo- 
globus fulgidus in complex with tRNA“"/GU 
(the wild-type tRNA that contains the G3-U70 
wobble pair), and that of a defective complex 
involving a mutant tRNA*" that contains 
a standard Watson-Crick pair in place of 
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the wobble pair (tRNA“"/AU). 

Nucleotides that mark a tRNA for specific 
aminoacylation are known as tRNA identity 
elements, and the identity sets of tRNA-syn- 
thetase systems in bacteria are well under- 
stood**. In addition to the acceptor-stem 
domain, which is close to the site of amino- 
acid attachment, anticodons form part of the 
identity set for most tRNAs. The importance 
of the G3-U70 pair in AlaRS recognition, and 
the fact that the enzyme does not recognize 
the anticodon, helped to explain the early find- 
ing’ that atRNA“" fragment derived from the 
acceptor stem is a substrate for aminoacylation 
by AlaRS, and led to speculation that a ‘second 
genetic code’ might determine the amino-acid 
specificity of tRNA molecules’. 


Third 
base pair 


tRNA 
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It was subsequently observed* that replace- 
ment of the wobble base pair with Watson— 
Crick base pairs greatly reduced the rate 
of catalysis (Kk...) of the aminoacylation of 
tRNA*", rather than the binding affinity of 
AlaRS for tRNA*”. Specific chemical groups 
in and around the G3-U70 base pair” and dis- 
tortion of the acceptor-stem helix of tRNA*" 
(refs 11, 12) were also shown to have a role in 
recognition. These results left open the ques- 
tion of how discrimination by AlaRS was 
achieved largely through its effects on k.,. 

Naganuma and co-workers’ structures 
reveal that AlaRS forms a homodimer (in 
which two identical subunits of the enzyme 
associate), and that each homodimer binds 
a single tRNA molecule. The tRNA interacts 
with three of the four domains of a single 
AlaRS subunit in an unprecedented orienta- 
tion. The enzyme’s carboxy-terminal domain 
binds tRNA**/GU through interactions with 
the ‘elbow region of the L-shaped tRNA, 
and the aminoacylation domain interacts 
with the 3’-CCA end of the tRNA (a single- 
stranded region at the 3’ terminus that includes 
the point of attachment for alanine). 

Duplex regions of RNA molecules, such 
as the acceptor stem of tRNA*“", contain 
two grooves known as the major and minor 


Route 
separat 


SSS) 
Aminoacylation 
domain 


Figure 1 | Conformational effects of a single base pair in a transfer RNA. The AlaRS enzyme catalyses 
the attachment (aminoacylation) of the amino acid alanine to its matching tRNA (tRNA*"). Naganuma 

et al.' report crystal structures of AlaRS in complex with wild-type tRNA“" (which contains a ‘wobble 
base pair in the third position of the acceptor-stem helix), and of AlaRS in complex with a mutant tRNA*" 
that contains a Watson-Crick base pair instead of the wobble pair. In this cartoon, shaded regions indicate 
domains of AlaRS that contact the tRNA. The authors find that the acceptor-stem region of tRNA“" 
adopts a straight conformation (red) when the wobble base pair is present, but a bent conformation (blue) 
with the Watson-Crick base pair. Only the straight conformation places the single-stranded region of the 
RNA into the active site of AlaRS’s aminoacylation domain. Amino-acid residues in the aminoacylation 
domain act as a ‘route separator’ that prevents transition between the two conformations. 
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grooves. Naganuma et al. report that recog- 
nition of the acceptor stem of tRNA“"/GU is 
mediated by the tips of two a-helices (al1 and 
a4, located in the tRNA-recognition domain 
of AlaRS) that hold the acceptor stem tightly 
and position it for aminoacylation by clamping 
onto both the minor and major grooves. The 
strong clamp formed by a11 and «14 widens 
the major groove in the acceptor stem, pre- 
venting structural clashes with other AlaRS 
domains. 

The researchers also find that the G3-U70 
base pair is in the wobble geometry by which 
G3 orients to the minor groove. The amino 
group of G3 seems to form two hydrogen 
bonds with an aspartate amino-acid residue 
(Asp 450) in a14, which supports the idea’ that 
this group has a crucial role in aminoacylation 
by AlaRS. In contrast to other ARS-tRNA com- 
plexes solved so far’’, the L-shaped structure of 
tRNA“" in the complex is only mildly distorted 
compared with that of the free tRNA. 

Overall, Naganuma and colleagues’ 
structures show that AlaRS accommodates 
tRNA“"/AU and tRNA*"/GU in similar 
ways, but they reveal a previously unknown 
mechanism by which the local geometry of the 
G3-U70 wobble pair is propagated through 
the acceptor-stem duplex towards the single- 
stranded 3’-CCA region. In the GU-containing 


amino acids have been attached and which also 
has to recognize the G3-U70 base pair™. 

Crystal structures of other ARSs bound 
to mutant tRNAs will be needed to establish 
whether those enzymes also use reactive and 
unreactive states, as well as route separators, 
to decode their distinct identity sets. Finally, 
it remains to be seen whether similar mecha- 
nisms are employed by other RNAs that use 
the G-U wobble pair as a specific recognition 
signal. m 
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complements 


complex, the terminus of the 3’-CCA end 
the site of amino-acid attachment — reaches 
the active site of AlaRS (Fig. 1). But in the AU 
variant, the 3’-CCA end bends away from the 
active site. This bent conformation might be 
stabilized by interactions between nearby 
nucleotides. Even though tRNA‘4"/AU can, in 
principle, switch between extended and bent 
conformations, such a conformational change 
is restricted by a ‘route separator’ in AlaRS, a 
structure formed by three consecutive glycine 
amino-acid residues and a glutamate residue. 

The authors’ kinetic analyses confirmed that 
the k.,, value of the A. fulgidus AlaRS dimer for 
aminoacylation of tRNA“"/GU is about 100- 
fold higher than for tRNA““/AU, whereas the 
rates of overall product formation and binding 
affinities of the tRNA variants differed by only 
about twofold. Thus, tRNA discrimination by 
AlaRS seems to rely on a catalytic mechanism 
involving ‘reactive’ (straight acceptor stem) 
and ‘non-reactive’ (bent acceptor stem) states 
of the bound tRNA. 

Although Naganuma and colleagues findings 
provide exciting information about the mecha- 
nism by which AlaRS discriminates between 
tRNA“"/GU and tRNA*“"/AU, higher-reso- 
lution structures are needed to assign specific 
hydrogen-bonding interactions with greater 
confidence. Moreover, we still do not know how 
AlaRSs recognize mitochondrial tRNA*" mol- 
ecules, which do not usually contain a G3-U70 
base pair. And it is not clear how the 3’-CCA 
end of tRNA*"/GU interacts with the second 
catalytic site (the editing domain) of AlaRS, 
which hydrolyses tRNAs to which the wrong 


A method has been invented for determining nanoscale variations in the 
distribution of electric charge on surfaces. It has so far been used to examine 
specific inorganic materials, but could find widespread applications in imaging. 


J. MARTY GREGG & AMIT KUMAR 


hunderstorms are among nature's most 
awe-inspiring spectacles. Lightning 
flashes pierce the gloom, causing vast 
amounts of electric charge — built up at the 
base of clouds — to find their way to Earth. 
Even without flashes, static electricity in the 
clouds affects the charge distribution on Earth's 
surface. Localized regions of land, and all the 
objects contained in them, become either 
enriched in or denuded of electrons, producing 
a localized net charge that is opposite in sign 
to that of the clouds directly above. Although 
most of the cloud base is negative, charge den- 
sities vary. As the storm passes overhead, these 
variations are reflected by complementary 
charge variations on Earth. To facilitate charge 
redistribution, electric currents must flow. So, 
by monitoring the currents at fixed locations 
on Earth, variations in the charge densities 
of the passing storm clouds can be mapped. 
Writing in Proceedings of the National Academy 
of Sciences, Hong et al.' report how they have 
done almost exactly this, except that, rather 
than mapping large-scale electrical storms, 
they have invented an analogous technique to 
determine nanoscale charge variations on the 
surfaces of inorganic materials. 
To do their experiments, Hong and 


© 2014 Macmillan Publishers Limited. All rights reserved 


colleagues made relatively minor adaptations 
to an atomic force microscope (AFM), if any- 
thing, simplifying its mode of operation over 
that conventionally used. They brought a 
sharp conducting tip, positioned on the end 
of a flexible cantilever, into contact with the 
surface of a lithium niobate crystal. They then 
trawled this metallic tip across the crystal sur- 
face and, using a sensitive detection circuit, 
monitored minute currents associated with 
charge redistribution between the tip and its 
grounded electrode. 

Lithium niobate is an insulating oxide, and 
is important in telecommunications applica- 
tions. Within each of the unit cells of this crys- 
talline material, ions are naturally arranged 
such that the centres of positive and negative 
charge are slightly separated spatially. This 
results in what is termed an electric dipole, 
a vector entity that points from negative to 
positive within the crystal. In lithium niobate, 
the orientation of this dipole can be reversed 
by an electric field, defining the material 
as ferroelectric. For practical applications, 
reversals in dipole orientation induced by an 
electric field are engineered to make spatially 
periodic stripe patterns, in which positive 
and negative charges are alternately closer to 
the crystal surface, in distinct regions called 
domains. When electrodes are brought into 
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Figure 1 | Charge gradient mapping. Hong and colleagues’ have developed a technique for determining 
charge variations on the surface of ferroelectric materials. A metallic tip connected to the ground by 
means of an electrode scans rapidly across the surface of the material, which is also connected to the 
ground. The tip records a current, in a device equivalent to an ammeter (A), only when it encounters a 
charge gradient at a junction between two distinct domains, in which positive and negative charges are 
alternately closer to the surface; white arrows denote the electric-dipole vectors in each domain. The 
magnitude of the current (blue and brown curves), which is associated with charge redistribution in the 
tip (grey curve), is proportional to the charge gradient as well as to the tip velocity; its sign is governed by 
the direction of the charge gradient, as well as by the scan direction. 


contact, the proximity of the near-surface 
charges in the ferroelectric material induces 
charge redistribution in the electrode: charges 
of opposite sign to the near-surface charges 
in the material are attracted to the interface 
between the electrode and the ferroelectric 
material, and like charges are repelled. 

The same thing happens when an AFM 
tip is used as an electrode (Fig. 1). If the tip 
is moved within a single domain, because 
dipoles are uniformly oriented, the initial 
charge redistribution that occurs in the tip is 
unchanged. However, whenever the tip passes 
over the junction between one domain and 
the next (over a domain wall), dipole rever- 
sal causes complementary charges to flow 
between the tip and its grounded electrode. 
Because the current associated with this charge 
redistribution between the tip and the ground 
is proportional to the rate of change of charge 
at the tip, it increases with the scanning speed 
of the AFM tip (complete charge redistribution 
is forced to occur ina shorter time). Moreover, 
because the nature of the charge redistribution 
in the tip depends on the direction in which 
a specific domain wall is traversed, the sign 
of the current changes whenever the scan 
direction is reversed. 

Hong et al. point out that the total current 
that is generated as the tip passes over each 
domain wall equates to a charge-density 
change at the ferroelectric material’s sur- 
face that is around twice that of the dipole 
density in lithium niobate, exactly as would 
be expected. The finding confirms that this 
method can quantitatively, as well as quali- 
tatively, map nanoscale charge-density vari- 
ations. The authors highlight the possibly 
confounding influence of ions and dipolar 
molecules in the air that nullify the electric 
fields generated by the near-surface charges in 
the ferroelectric material. However, they note 
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that their imaging technique, which they call 
charge gradient microscopy, is largely immune 
to such airborne layers, because it seems that 
the tip scrapes them away. 

Although this method for imaging charge 
variation is conceptually quite simple, its 
potential importance cannot be overstated. 
It has become evident that the domain walls 
of ferroelectric materials can have diverse 
functional characteristics that are com- 
pletely different from the domains that they 
delineate: they can be conducting’, or even 
superconducting’, when the domains them- 
selves are insulating. Moreover, they can be 
moved, injected and annihilated by external 
electric fields’, and so could be used in new 
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two-dimensional electronic devices. Hong and 
colleagues’ imaging technique rapidly locates 
ferroelectric-material domain walls and could 
therefore be invaluable in supporting the quest 
for “domain wall nanoelectronics”’. Further- 
more, its discovery comes at a time when 
shortcomings in the most common method 
for domain imaging in ferroelectric materials 
(piezoresponse force microscopy) are starting 
to become uncomfortably apparent: for exam- 
ple, high-quality images of ‘domains’ have been 
obtained using piezoresponse force micro- 
scopy in materials in which ferroelectricity is 
extremely unlikely’. 

Restricting the authors’ charge gradient 
microscopy to imaging ferroelectric domain 
walls, exciting as this is, would probably be a 
mistake. Variation in nanoscale charge dis- 
tribution must be crucial in many aspects of 
science, from understanding communications 
in cell biology to teasing out the details of bat- 
tery electrochemistry. Perhaps the adoption of 
this imaging technique by other areas of science 
will allow its full potential to be realized. m 
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Enzyme assembly 
line pictured 


Many enzymes form ‘assembly lines’ containing a series of catalytic modules. 
Visualization of how the structure of a module shifts during catalysis provides 
a clearer idea of how such enzymes work. SEE ARTICLE P.512 & LETTER P.560 


PETER F. LEADLAY 


iving cells contain many molecular 
Le that integrate and orchestrate 

essential processes. One of the most 
familiar is the ribosome, which polymerizes 
amino acids to form proteins. In the early 
1990s, a radically different type of polymer- 
izing assembly line was discovered’: poly- 
ketide synthase (PKS) multi-enzymes, which 
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make polyketide compounds, including many 
important antibiotics. Remarkably, these com- 
plexes use a different module of catalytic sites 
for each cycle of a chemical-chain extension. 
Efforts to understand these sophisticated 
catalysts have received a great boost from two 
studies in this issue from the same research 
group: Dutta et al.’ (page 512) report the 
three-dimensional structure of a PKS protein 
that houses an intact catalytic module, and 
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Figure 1 | Close-up ofa modular assembly-line enzyme. PikAIII is the fifth 
module of six in the multi-enzyme that constructs the antibiotic pikromycin. It 
contains domains that perform substrate recruitment (red), substrate carriage 
(orange) and catalysis (blue). Dutta et al.’ report that PikAIII is a homodimer 
that defines an internal reaction chamber (for clarity, only one subunit is shown 
in full colour; the other is shown in outline). Whicher et al.’ suggest how the 
domains move as PikAIII catalyses a chain-extension cycle. a, An acyl group 


(COR’) is transferred from a carrier domain in module 4 to module 5 through 
a ‘side entrance’ R' represents a chain containing five molecular building 
blocks. b, The carrier domain of module 5 recruits another acyl building block. 
Me, methyl group. ¢, d, It then moves between the catalytic sites to enable a 
bond-forming reaction between the two acyl groups and the reduction of a 
carbonyl group (C=O) to a hydroxyl group (OH), before flipping out of the 
reaction chamber to present the extended chain to module 6. 


Whicher and colleagues’ (page 560) investigate 
how individual domains move during the 
extension cycle. 

Biochemical evidence” suggests that mod- 
ular PKS multi-enzymes are homodimeric 
(composed of two identical subunits), and that 
the subunits are aligned head-to-head, tail-to- 
tail and are tightly wound around each other. 
A functional module thus contains two cop- 
ies of each type of domain — just as in animal 
fatty-acid synthase, a complex that uses a very 
similar set of enzymes to those in a PKS mod- 
ule. In 2008, the crystal structure of animal 
fatty-acid synthase was obtained’®, revealing 
an X-shaped molecule in which several of the 
domains are highly mobile. An independent 
study’ reconstructed the three-dimensional 
structure of this enzyme from single-particle 
electron micrographs. This confirmed that 
animal fatty-acid synthase is exceptionally 
flexible and that sets of domains change posi- 
tion in response to substrate binding, hinting 
that PKS modules might behave like this too. 
Many excellent studies have provided static 
X-ray crystal structures of individual domain 
fragments of PKS modules, but Dutta et al. and 
Whicher et al. are the first to visualize an intact 
homodimeric module in sufficient detail to 
reveal its architecture and the dynamic changes 
that occur during the chain-extension cycle. 

The researchers studied PikAIII, a PKS 
protein that forms module 5 of the bacterial 
assembly line that makes the antibiotic pikro- 
mycin. The extension cycle in PikAIII starts 
when the protein accepts a partially built pol- 
yketide chain (containing an acyl chemical 
group) from the carrier domain of the previ- 
ous module, and recruits a new building block 
(another acyl group) to its own carrier domain 
(Fig. 1). The tethered acyl groups are then 
bonded together in a reaction catalysed by a 
ketosynthase domain, forming an extended 
chain that ends up on PikAIII’s carrier protein. 
An additional processing domain catalyses 
a reduction reaction of the extended chain, 
which is finally handed on to the next module. 


Dutta and co-workers used electron cryo- 
microscopy (cryo-EM) to obtain three- 
dimensional reconstructions of PikAIII at a 
resolution of 7 to 10 angstréms. This is not 
high enough to resolve individual atoms, but 
by fitting known crystal structures of individ- 
ual domains into place, the authors were able to 
visualize the module in its entirety. They found 
that the identical subunits were indeed aligned 
head-to-head and tail-to-tail, as predicted? : 
The subunits enclose a single inner chamber 
into which all the active sites of the domains 
face. This arrangement is different from that 
found for animal fatty-acid synthase, and from 
that recently proposed for PKSs on the basis 
of low-resolution X-ray scattering analysis®, 
but it helps to explain how PKSs control the 
sequence of events. The authors also observed 
that the carrier proteins are mobile and may 
separate from each other so that the molecule 
seems to adopt a horseshoe shape. 

Next, Dutta and colleagues made a construct 
in which PikAIII was covalently tethered to the 
carrier protein of the previous module, with 
the carrier bearing a synthetic polyketide acyl 
group. Cryo-EM analysis revealed that two dif- 
ferent channels provide access to the catalytic 
site of the bond-forming ketosynthase domain. 
The externally delivered acyl group gains 
access through a ‘side entrance’, whereas the 
PikAIII carrier protein offers the new building 
block for bond formation through an opening 
from the internal chamber (Fig. 1). 

Whicher et al. used cryo-EM to study 
PikAII samples in which a synthetic acyl 
group was directly attached either to the keto- 
synthase domain or to the PikAIII carrier pro- 
tein, to mimic intermediates in the extension 
cycle. In each case, significant shifts were noted 
in the position of the carrier protein and the 
other domains, compared to Dutta and col- 
leagues’ structure of non-acylated PikAII. 
It therefore seems that the acyl chain is spe- 
cifically recognized by the catalytic domains, 
which helps to explain why naturally occurring 
PKSs normally yield a single product. A similar 
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conclusion has been reached for fatty-acid 
synthase in recent work’ that used chemical 
probes to trap carrier domains as they dock 
to catalytic domains. Deeper understanding 
of this aspect of PKS selectivity should 
help synthetic biologists to redesign these 
assembly-line synthases to prepare poten- 
tially useful analogues of naturally occurring 
antibiotics. 

A key issue that cannot be fully addressed by 
structural studies at this level of resolution is 
whether some mechanism actively directs the 
carrier protein and its cargo to the next ‘correct’ 
reaction partner, or whether they simply find 
their way by diffusion within the chamber. 
Also unclear is whether the loaded carrier pro- 
tein can reach all catalytic active sites on either 
subunit, or is confined to one subset. Likewise, 
what prevents the extended chain from being 
prematurely passed to the next module before 
all the programmed operations in module 5 
have taken place? Addressing these questions 
will require further genetic, biochemical and 
biophysical work. Nonetheless, by showing 
that an intact module is much more than the 
sum of its parts, this elegant study has given 
fresh impetus to our search for the answers. m 
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An overview of N-heterocyclic carbenes 


Matthew N. Hopkinson’, Christian Richter!, Michael Schedler! & Frank Glorius! 


The successful isolation and characterization of an N-heterocyclic carbene in 1991 opened up a new class of organic com- 
pounds for investigation. From these beginnings as academic curiosities, N-heterocyclic carbenes today rank among the 
most powerful tools in organic chemistry, with numerous applications in commercially important processes. Here we 
provide a concise overview of N-heterocyclic carbenes in modern chemistry, summarizing their general properties and 
uses and highlighting how these features are being exploited in a selection of pioneering recent studies. 


with a six-electron valence shell, carbenes are an intriguing class 
of carbon-containing compounds. Their incomplete electron octet 
and coordinative unsaturation, however, render free carbenes inherently 
unstable and they have been traditionally considered only as highly reactive 
transient intermediates in organic transformations such as cyclopropana- 
tion. Despite attempted syntheses from as early as 1835 (ref. 1), the isola- 
tion and unambiguous characterization of a free, uncoordinated carbene 
remained elusive until pioneering studies in the late 1980s and early 1990s 
(ref. 2). Ina seminal publication in 1988, Bertrand and co-workers reported 
the preparation of the first isolable carbene stabilized by favourable inter- 
actions with adjacent phosphorus and silicon substituents’. Three years 
later Arduengo et al. reported an isolable and ‘bottleable’ carbene incorpo- 
rated into a nitrogen heterocycle’. With structural features inspired by earlier 
insightful studies by Wanzlick® and Ofele® on metal-carbene complexes, the 
remarkable stability and relatively simple synthesis of the first N-heterocyclic 
carbene (NHC) 1,3-di(adamantyl)imidazol-2-ylidene (IAd, compound 
labelled 1a) led to an explosion of experimental and theoretical studies with 
libraries of novel NHCs being synthesized and analysed (see below). As a 
result of these investigations, NHCs have been elevated from mere labor- 
atory curiosities to compounds of enormous practical significance as more 
and more of the rich chemistry of these compounds has been revealed and 
exploited. As excellent ligands for transition metals, NHCs have found mul- 
tiple applications in some of the most important catalytic transformations 
in the chemical industry, while their reactivity upon coordination to main 
group elements and as organocatalysts has opened up new areas of research. 
In this review, we aim to provide a concise overview of the properties 
and broad range of applications of NHCs, which we hope will serve as a 
useful introduction and reference guide for scientists interested in study- 
ing and applying these important compounds. After an initial summary 
of the general structure and properties of NHCs, the reactivity and appli- 
cations in modern chemistry are loosely categorized into three sections 
with a discussion of NHCs as ligands for transition metals, upon coordi- 
nation to p-block elements and as organocatalysts. Each section contains 
a brief overview of the key features and major applications with references 
to seminal publications and more comprehensive specialized reviews 
provided for more in-depth reading. The discussion is interspersed with 
more detailed descriptions of selected recent studies, which demonstrate 
the current state of the art and future trends as an ever-increasing number 
of NHCs continue to find new and exciting applications across the chem- 
ical sciences (Fig. 1). 


D efined as neutral compounds containing a divalent carbon atom 


Structure and general properties of NHCs 


In this review, NHCs are defined as heterocyclic species containing a 
carbene carbon and atleast one nitrogen atom within the ring structure”*. 


Within these criteria fall many different classes of carbene compounds 
with various substitution patterns, ring sizes and degrees of heteroatom 
stabilization’. A representation of the general structures of NHCs, as exem- 
plified for the first reported compound IAd (1a), is shown in Fig. 2a. The 
overall electronic and steric effects of these structural features go some way 
to explaining the remarkable stability of the carbene centre C”. As demon- 
strated in [Ad by the two adamantyl groups bound to the nitrogen atoms, 
NHCs generally feature bulky substituents adjacent to the carbene carbon, 
which help to kinetically stabilize the species by sterically disfavouring dimer- 
ization to the corresponding olefin (the Wanzlick equilibrium). The elec- 
tronic stabilization provided by the nitrogen atoms, however, is a much 
more important factor. In contrast to classical carbenes, NHCs such as [Ad 
exhibit a singlet ground-state electronic configuration with the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecu- 
lar orbital (LUMO) best described as a formally sp’-hybridized lone pair 
and an unoccupied p-orbital at the C” carbon, respectively (Fig. 2b). The 
adjacent o-electron-withdrawing and n-electron-donating nitrogen atoms 
stabilize this structure both inductively by lowering the energy of the occu- 
pied o-orbital and mesomerically by donating electron density into the 
empty p-orbital. The cyclic nature of NHCs also helps to favour the singlet 
state by forcing the carbene carbon into a bent, more sp’-like arrangement. 
This ground-state structure is reflected in the C’>—N bond lengths (1.37 A) 
observed in IAd, which fall in between those of its corresponding imida- 
zolium salt (IAdH*, 1.33 A)! and its C’-saturated analogue (IAdH), 
1.49 A)”, signifying that the C’—nitrogen bonds possess partial double- 
bond character. 

These general principles of carbene stabilization apply to all classes of 
NHC although the relative importance of each effect varies from compound 


aN 


Coordinated 
to p-block elements 


Coordinated 
to transition metals 


= == 
nN r-N\_-X~R 
Y 
IMIL, YR, 


Figure 1 | Major applications of NHCs. In this review, the major applications 
of NHCs in modern chemistry are divided into the three categories shown. In 
the first two, the features and uses of NHCs coordinated to metals and p-block 
elements are discussed, while the third section details the applications of NHCs 
as organocatalysts. 
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Figure 2 | Structural features of NHCs. a, General structural features of [Ad 
(1a), detailing the effects of the ring size, nitrogen heteroatoms and the 
ring backbone and nitrogen-substituents on the stability and reactivity of the 
NHC. b, Ground-state electronic structure of imidazol-2-ylidenes. The 


to compound (Fig. 2c). NHCs derived from heteroaromatic compounds 
benefit from a greater degree of stabilization by virtue of their partial aro- 
maticity. This effect, which has been calculated to be around 25 kcal mol ~ : 
for model imidazol-2-ylidenes"', allows for a lesser demand for proximal 
steric bulk and, consequently, the simple methyl-substituted NHC 1,3- 
di(methyl)imidazol-2-ylidene ([Me, compound labelled 1b) is persistent 
in solution’. There are, however, many stable carbenes that do not bene- 
fit from aromaticity, with the first example, 1,3-di(mesityl)imidazolin-2- 
ylidene (SIMes, 2a), being reported by Arduengo and co-workers in 1995". 
Neither is there a requirement for two adjacent nitrogen atoms to sta- 
bilize the carbene centre’. NHCs bearing alternative heteroatoms such 
as sulphur (3) and oxygen (4) are accessible, while stable carbenes con- 
taining only one nitrogen substituent, such as the series of cyclic (alkyl) 
(amino)carbenes (CAACs, 7) introduced by Bertrand et al.’*, have also 
received considerable research attention. 

Similar species stabilized by only one nitrogen atom may be formed upon 
generation of the carbene centre at alternative positions to C”. These mesoio- 
nic or ‘abnormal’ carbenes 8, for which a neutral, non-zwitterionic carbene 
resonance structure cannot be drawn, are generally more electron-donating 
than their ‘normal’ analogues and can display very different properties'*””. 
Remote NHCs, where the carbene carbon is not situated adjacent to a nitro- 
gen heteroatom have also been reported. The size and substitution pat- 
tern of the nitrogen heterocycle can have a large effect on the properties 
of the carbene. While 5-membered rings still make up the largest class of 
NHCs, examples containing smaller or larger ring sizes including N,N’ - 
diamidocarbenes (DACs, 9) have also been reported. These latter compounds 
lead to increased steric shielding owing to the greater N'—C’—N” bond angle, 
which effectively pushes the nitrogen substituents closer to the carbene 
centre. Larger ring sizes also have an electronic effect as geometric con- 
straints imposed by the cyclic structure cause variations in the degree and 
nature of heteroatom stabilization. It is also worth noting that several 
related classes of stable carbenes are known, which, although not defined 
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o-withdrawing and m-donating effects of the nitrogen heteroatoms help to 
stabilize the singlet carbene structure. c, Structures of some of the most 
commonly applied classes of NHCs. Ad, adamantyl; Mes, mesity]; tBu, 
tert-Butyl; iPr, iso-propyl; Ph, phenyl. 


as NHCs, benefit from similar modes of stabilization. These include 
acyclic derivatives and cyclic species featuring different ring heteroatoms 
such as phosphorus instead of nitrogen”!*””. 

The ground-state electronic structure of NHCs provides a framework 
for understanding their reactivity. In contrast to the typical electrophi- 
licity of most transient carbenes, the lone pair situated in the plane of the 
heterocyclic ring of NHCs renders these compounds nucleophilic. The 
principal consequence of this characteristic is the propensity of NHCs to 
act as o-donors and bind to a wide range of metallic and non-metallic 
species. The extraordinary strength and distinct features of these inter- 
actions and their influence on the stability, structure and reactivity of the 
resulting complexes or adducts forms the basis for the meteoric rise in 
interest of NHCs. This extensive coordination chemistry and the various 
applications of NHCs arising from it are discussed in more detail in the 
following sections of this review. 

Another attractive feature of NHCs is the comparative ease with which 
libraries of structurally diverse analogues can be prepared and studied. In 
the majority of cases, the carbene is generated upon deprotonation of the 
corresponding cationic heterocyclic azolium salt and, as a result, synthetic 
routes to NHCs benefit from centuries of research on the preparation of 
heterocyclic compounds'*. For most classes of N-heterocycles, simple vari- 
ation of the starting materials in a modular synthetic sequence allows for 
facile modification of the steric and electronic properties of the resulting 
carbene. The nitrogen-substituents or other groups situated adjacent to C’ 
have the largest influence on the steric environment at the carbene centre 
with different classes of heterocycle having inherently different steric 
requirements. The NHC electronics are primarily governed by the class 
of heterocycle, with the substitution pattern of the ring backbone also 
playing an important part. The quantification of these properties facil- 
itates easy comparison both between different NHCs and between NHCs 
and other related compounds such as phosphines, and allows for more 
enlightened selection of the appropriate carbene for any given application’. 
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The steric properties of NHCs can be conveniently quantified using 
the ‘buried volume’ parameter (%Vpur) developed by Nolan, Cavallo 
and co-workers. As shown in Box 1 Fig. 1 (in which M indicates metal 
and N indicates nitrogen), the %Vpur value of an NHC refers to the 
percentage of a sphere occupied or ‘buried’ by the ligand upon 
coordination to a metal at the centre of the sphere. Fixed parameters 
of 2A for the metal-carbene bond distance d and 3A or 3.5A for the 
sphere radius rare typically used with a larger %Vpur value signifying a 
greater steric influence of the ligand on the metal centre. The buried 
volume can be determined from crystallographic data or from 
theoretical calculations with the free NHC, various NHC—metal 
complexes or the azolium salt precursor being suitable data sources. 
The derived %Vpu, values, however, may vary greatly depending on 
the system used and care must be taken to compare only values 
determined using the same approach. 

The electronic properties of NHCs are most commonly described 
using the Tolman electronic parameter (TEP)*. Originally developed 
for phosphines, the TEP specifically evaluates the electron-donating 
ability of a ligand (L) by measuring the infrared-stretching frequencies 
of carbonyl ligands in model transition metal carbonyl complexes. The 


Quantitative measures of steric and electronic properties 


REVIEW 


more electron-donating the ligand of interest the more electron-rich 
the metal centre becomes, increasing the degree of n-backbonding 
into the carbonyl ligands and thus reducing their bond order and 
infrared stretching frequency. Although [LNi(CO)3] complexes were 
initially the model species for TEP calculation, the less toxic complexes 
cis-[LIrCl(CO)=] and cis-[LRhCI(CO)2] are nowadays more prevalent. 
Mathematical formulae have been derived to correlate the TEP values 
obtained from different complexes. Significant variation in TEP values 
may arise, however, depending on the resolution of the infrared 
spectrometer (TEP values for NHCs span only about 10cm !)and the 
solvent used (typically CH2Cl2)19°. 


Two of the most commonly measured parameters; the buried volume 
(%Vbur) for sterics*’, and the Tolman electronic parameter (TEP) for 
electronics” are outlined in Box 1. The diversity and modular nature of 
synthetic approaches also allow for easy incorporation of chiral informa- 
tion into the NHC structure. Libraries of derivatives have been prepared, 
featuring enantiomerically enriched moieties either at the backbone or at 
the nitrogen substituents. 


Coordination of NHCs to transition metals 

The majority of applications of N-heterocyclic carbenes involve their 
coordination to transition metals (Fig. 3). The first examples of NHC- 
metal complexes predate the isolation of a free NHC by over 20 years, with 
Wanzlick® and Ofele® independently synthesizing imidazol-2-ylidene- 
bearing mercury(II) and chromium(0) species, respectively, in 1968. Insight- 
ful studies before the isolation of [Ad were also conducted by Lappert and 
co-workers during the early 1970s (ref. 23). As mentioned above, the 
suitability of NHCs as ligands for transition metals can be rationalized by 
their inherent o-donor ability with a formal sp*-hybridized lone pair avail- 
able for donation into a o-accepting orbital of the transition metal. The 
full nature of bonding in these complexes has been studied by a number 


of different groups and has been the subject of reviews by Diez-Gonzalez 
and Nolan*‘, and Cavallo and co-workers”. While o-donation is the most 
important component of metal-ligand binding, the contribution of both 
m-back-bonding into the carbene p-orbital and m-donation from the car- 
bene p-orbital may not be inconsiderable. For example, Frenking and co- 
workers calculated that m-contributions account for about 20% of the 
overall bond energy in group-11 metal-imidazol-2-ylidene and imidazolin- 
2-ylidene complexes”*. However, in practice, metal—-C’ coordination is gen- 
erally drawn as a single rather than a double bond with n-contributions 
restricted to delocalization within the NHC ring (often depicted by a 
curved line between the ring heteroatoms). This representation best reflects 
the experimentally observed potential for rotation around the metal-C” 
bond and emphasizes the differences between NHCs and conventional 
Fischer or Schrock carbene ligands. 

The strong o-donor and comparatively weak m-acceptor properties of 
NHCs bear similarities to the coordination characteristics of phosphines, 
and they were initially considered as mimics for this pervasive class of 
ancillary ligand in transition-metal coordination chemistry”’. There are, 
however, a number of differences between the two classes of ligands. As 
indicated by their lower TEP values (see Box 1 for a description of TEP 
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Figure 3 | Major applications of NHCs coordinated to transition metals. 
NHCs are excellent o-donors and readily bind transition metals. This feature 
has led to the most important application of NHCs as ancillary ligands in 


homogeneous transition-metal catalysis. NHC-Metal complexes also find 
many different applications as organometallic materials and as 
metallopharmaceuticals. 
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BOX 2 


The high thermal stability of metal-NHC complexes and the ability to 
tune their steric and electronic properties are attractive features for the 
development of organometallic materials?°. Imidazolium salts 
incorporated as linker molecules in metal-organic frameworks have 
been successfully coordinated to transition metals to afford 
organometallic complexes within the pores of the material?*. 
Transition-metal complexes bearing NHCs with hydrophobic long 
alkyl chain N-substituents may also self-assemble to form highly 
air- and moisture-resistant liquid crystalline materials, which are 
thermally stable beyond the clearing point®®. The incorporation of 
NHC-—metal complexes into the side chains or main chain of polymers 
has been extensively studied. Using benzene-linked bis(NHC) units, 
Bielawski and co-workers prepared a series of well-defined 
palladium(ll) and platinum(|l) organometallic polymers A (see Box 2 
Fig. 1), which display self-healing properties by virtue of the inherent 
reversibility of metal-ligand coordination®®. Materials of this type show 
promise as electrical conductors with conjugated bis-NHC linkers 
allowing electronic coupling between the two coordinated metal 
centres. NHC—transition metal complexes that act as phosphors and 
other photoactive materials have also been reported?’ 

An increasing number of publications have focused on the 
medicinal applications of NHC—transition-metal complexes as 
metallopharmaceuticals with silver(I) and gold(l) species showing 
particular promise as antibacterial and anticancer agents, 
respectively*®. Many imidazol-2-ylidene— and imidazolin-2-ylidene-Ag 
complexes exhibit impressively low minimum inhibitory concentration 
values against a range of Gram-positive and Gram-negative bacteria 


Medicinal and materials applications of NHC—metal species 


(<10 pig mI 2). In comparison to the standard reference AgNOs, these 
species are generally therapeutically active for a longer period, which 
may be rationalized by a slower release of active Ag* ions from the 
NHC-stabilized complexes. NHC—metal species featuring gold have 
shown promise as anticancer drugs based on targeting of 
mitochondria. For these systems, the ability to fine-tune the 
lipophilicity of the complexes through modification of the 
N-substituents on the NHC is crucial, because anticancer activity is 
highly dependent on penetration through the mitochondrial 
membrane. In a seminal publication by Berners-Price, Filipovska and 
co-workers, the cationic gold(l) complexes B (see Box 2 Fig. 1; in which 
Et indicates ethyl, nPr indicates n-propyl and Bn indicates benzyl) were 
shown to induce apoptosis by selective inhibition of the selenoenzyme 
thioredoxin reductase, which is overexpressed in many human 
cancers®®. 
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values), NHCs are in general more electron-donating than phosphines. 
This leads to thermodynamically stronger metal-ligand bonds and is reflected 
in the typically greater bond dissociation energies and shorter metal-ligand 
bond lengths observed for NHC complexes over their phosphine counter- 
parts. Notable exceptions to this trend arise, however, when steric con- 
straints interfere with metal-ligand binding. A comparison of relative bond 
dissociation energy values for a range of imidazol-2-ylidene-ruthenium(II) 
and imidazolin-2-ylidene-ruthenium(II) complexes ([Cp*Ru(NHC)C]], 
where Cp* = C;Mes) plotted against the buried volume (%Viu, see Box 1 
for a description) shows a marked linear decrease in NHC—Ru bond 
strength of about 12 kcal mol”! with increasingly bulky NHCs (%Vpur 
from 23-37%)". For all carbene ligands except the most sterically demand- 
ing IAd (1a), however, the bond dissociation energies remained greater 
than that of the analogous complex with even the most Lewis-basic phos- 
phine tested (PCy3). As a rule, the stronger metal-ligand interaction ren- 
ders NHC-metal coordination less labile than metal-phosphine binding 
and the complexes are more thermally and oxidatively stable*. A com- 
parison of the steric properties of NHCs and phosphines also reveals sig- 
nificant differences. Whereas the sp*-hybridization of phosphines results 
in a cone-shaped spatial arrangement of the steric bulk, most classes of 
NHCs, including the most commonly employed imidazole-derived types 
1 and 2, can best be described as fan- or umbrella-shaped with the nitro- 
gen-substituents adjacent to the carbene carbon oriented more towards the 
metal. As a result, NHCs are generally considered to be sterically demand- 
ing ligands with variations in the nitrogen substituents and class of hetero- 
cycle having a large effect on the steric environment at the metal centre. In 
contrast to phosphines, the steric properties of NHCs are also highly aniso- 
tropic and rotation around the metal-carbene bond may occur so as to 
minimize clashing with other bulky ligands. 

A further disparity between NHCs and phosphines concerns the ease 
of varying their steric and electronic properties. As discussed above, many 
synthetic routes employing well established heterocyclic chemistry are 
known for NHCs, whereas structural variation of phosphines is often not 
trivial. Moreover, in contrast to phosphines, where changing the phosphorus 
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substituents invariably affects both the steric and electronic properties, 
the potential to separately modify the nitrogen substituents, backbone func- 
tionality and class of heterocycle in NHCs allows for more independent 
variation of each parameter. 

With these attractive features, NHCs nowadays rival phosphines and 
cyclopentadienyls as ligands across organometallic chemistry and the 
extensive range of accessible complexes continues to grow at an astonish- 
ing rate. NHC complexes have been described for all transition metals” 
and in various oxidation states while similar adducts are known for alkali 
and alkali earth®, and f-block metals*'. Various methods of synthesizing 
complexes may be employed and there is generally no requirement to pre- 
form the free carbene. Most commonly, in situ deprotonation of an azolium 
salt is conducted in the presence of a suitable transition-metal precursor, 
although strategies involving «elimination or oxidative addition at the 
carbene carbon, carbene transfer from pre-formed NHC-silver(I) or 
copper(I) complexes and metal-templated construction of the NHC 
may also be used. Azolium salts are typically bench-stable solids and 
precursors for the most widely used NHCs, such as [Pr (1d) and SIMes 
(2a) are commercially available. An interesting class of NHCs incorporates 
additional tethered coordinating groups into their structure and many 
examples of bi-, tri- and tetradentate ligands featuring multiple NHC moi- 
eties have been reported. These species may either bridge several different 
metals or act as chelating ligands to a single metal, depending on their struc- 
ture, affording complexes with a variety of different geometries*. 

The attractive features of NHC—metal coordination have led to a 
wide range of different applications of these complexes across the chem- 
ical sciences. A summary of some of their uses in materials**’ and as 
metallopharmaceuticals**”” is provided in Box 2. By far the largest applica- 
tion of NHC—transition metal complexes, and indeed of NHCs in gen- 
eral, however, is in the homogeneous catalysis of organic transformations. 
First demonstrated by Herrmann and co-workers in an imidazol-2-ylidene- 
palladium-catalysed Mizoroki-Heck reaction”, NHC complexes of various 
transition metals are, nowadays, privileged catalysts for a myriad of aca- 
demically and commercially important processes. The huge number of 
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Figure 4 | NHCs as ligands in ruthenium-catalysed olefin metathesis. 

a, Comparison of Grubbs’ first- and second-generation catalysts (10) in (cross) 
metathesis reactions. The NHC-bearing Grubbs’ second-generation catalyst 
(10a) has an approximately 10*-fold greater affinity for the alkene substrates, 
resulting in higher reactivity than the phosphine-coordinated first-generation 
catalyst 10b (ref. 54). b, Z-selective olefin metathesis using a Ru-NHC catalyst 


publications on this topic have been excellently covered in several book 
chapters and review articles and here we provide only a short summary of 
some of the key features". A by no means comprehensive selection of 
some of the most important transformations mediated by NHC-metal 
complexes includes Ir- and Ru-catalysed hydrogenation and hydrogen 
transfer, gold-catalysed activation of 1-bonds® and Rh- and Pt-catalysed 
hydrosilylation’’. The two most extensively studied classes of catalytic 
reactions, however, are cross-coupling (catalysed by palladium or other 
metals)***' and ruthenium-catalysed olefin metathesis***’. 

Much of the success of NHC spectator ligands in these transforma- 
tions can be attributed to the increased catalyst stability, and consequent 
lower rates of catalyst decomposition resulting from strong metal-ligand 
binding. The distinct steric and electronic influence of the NHC on the 
metal centre may also lead to improved catalytic activity. These two 
factors are elegantly demonstrated in the excellent efficiency of arguably 
the most famous NHC-metal complex; Grubbs’ second-generation olefin 
metathesis catalyst 10a (Fig. 4a)**°*. In comparison to the first-generation 
Grubbs’ catalyst 10b, which features two PCy; ligands bound to ruthenium, 
the SIMes-Ru(II) complex 10a exhibits substantially greater thermal stability 
and remains catalytically active for cross- and ring-closing metathesis, and 
ring-opening metathesis polymerization (ROMP) reactions at much lower 
catalyst loadings. Moreover, the NHC-stabilized complex displays signifi- 
cantly higher reactivity than its predecessor and has dramatically expanded 
the range of suitable substrates for metathesis reactions. Mechanistic stud- 
ies have revealed that the difference in activity of the two-generation cat- 
alysts results from the relative affinity for the alkene substrates of their 
respective active catalytic species, formed upon dissociation of PCy; (1la 
and 11b)**. Catalytically relevant binding to the m-accepting alkene sub- 
strates over the o-donating PCy; (leading back to 10) was found to be four 
orders of magnitude more favourable for the more electron-rich NHC- 
stabilized ruthenium centre in 11a than for phosphine-coordinated 11b. 
Numerous related NHC-ruthenium complexes, including the widely used 
Hoveyda-Grubbs second-generation catalyst (12), have been developed 
for applications in metathesis and the importance of these kinds of 


recently developed by Grubbs and co-workers*’. The steric environment 

in this catalyst is fixed by a key sp*-C—H activation at the adamantyl group, 
which leads to the high Z-selectivity and, in this case, enantioselectivity 
with complex 13 being used as a single stereoisomer. e.e., enantiomeric 
excess. 


reactions was recognized with the award of the Nobel Prize for chemistry 
in 2005. 

As well as improving the efficiency, selectivity and practicality of trans- 
ition-metal-mediated reactions, NHC-bearing catalysts can give access to 
unprecedented reactivity pathways and selectivity paradigms that are not 
observed using other ligands. Building on the foundations laid over the 
last two decades, many research programmes are currently focused on the 
development of the next generation of carbene-metal catalysts employ- 
ing new NHCs. One such system has been recently developed in a series 
of groundbreaking publications by the Grubbs group. As a result of the 
dynamic nature of metathesis reactions, previously developed ruthenium 
catalysts such as Grubbs’ first- and second-generation catalysts (10) and 
the Hoveyda-Grubbs catalyst (12) favour formation of the thermodyn- 
amic E-alkene products. The selective generation of Z-configured alkenes, 
which feature widely in natural products and biologically and industrially 
relevant compounds, has been a major challenge limiting the usefulness of 
ruthenium-catalysed olefin metathesis. 

The major breakthrough in this field came in 2011 with the preparation 
of ruthenium(II) complexes bearing an unsymmetrical N-adamantyl- 
substituted imidazolin-2-ylidene ligand that displayed high Z-selectivity 
in cross-metathesis reactions”. Further optimization of the catalyst structure 
led to the development of k*-nitrate-coordinated complex 13, which has 
recently shown remarkable Z-selectivity in a range of transformations, 
including ROMP and ring-closing metathesis”®. The key feature in com- 
plex 13 and related catalysts is the presence of a second bond between the 
metal and the NHC resulting from sp’-C—H activation at the N-adamantyl 
substituent. As demonstrated by density functional theory (DFT) calcula- 
tions, this chelation restricts rotation around the metal-carbene bond and 
fixes the N-mesityl substituent over the catalytically relevant alkylidene 
moiety. Steric clashing between these groups in the transition state then 
explains the Z-selectivity. A further development of this methodology was 
reported in 2013 in the asymmetric ring-opening/cross-metathesis of nor- 
bornene derivatives’’. Chromatographic separation of two intermediate 
carboxylate complexes followed by salt metathesis with sodium nitrate 
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delivered an enantio-enriched sample of complex 13, which is stereogenic 
at the ruthenium atom. Reacting 1 mol.% of this complex in the presence of 
norbornene 14 and excess allyl acetate 15 delivered the corresponding 
ring-opened product 16, which features four contiguous and two qua- 
ternary stereocentres in 95% enantiomeric excess and in 96:4 selectivity 
for the Z-alkene (yield 65%, Fig. 4b). 

A rationale based on improved catalyst stability and reactivity has also 
been used to explain the suitability of NHCs as spectator ligands in another 
Nobel-Prize-winning class of catalytic reactions: cross-coupling. In these 
carbon-carbon and carbon-heteroatom bond-forming processes, which 
are mediated by two-electron M"/M" * * redox cycles, the electronic and 
steric properties of NHCs lead to enhancements at various steps of the 
catalytic cycle (Fig. 5a). The strong o-donating carbene leads to an elec- 
tron-rich catalytically active metal centre that is better activated towards 
oxidative addition into carbon—halogen or pseudohalogen bonds of the 
substrates. This feature is particularly important for the coupling of chal- 
lenging aryl chloride substrates, which possess strong carbon—chlorine 
bonds resistant to oxidative addition. The large steric influence of NHCs 
can also result in a more favourable reductive elimination step. Furthermore, 
both steric and electronic factors play a part in stabilizing the coordinatively 
unsaturated low-oxidation-state M” active catalyst and reducing decom- 
position to heterogeneous material such as palladium black, which is often 
a major problem in these processes. 

Since the initial report by Herrmann and co-workers”, a huge array of 
different NHC-metal complexes have been prepared and employed as 
highly active and robust catalysts in a multitude of different coupling 
transformations. Reflecting the general trend in cross-coupling reactions, 
the majority of studies have focused on palladium-catalysed processes***" 
although NHC complexes of many other transition metals including 
nickel* and iron” have also demonstrated remarkable efficiency. Imidazol- 
2-ylidene and imidazolin-2-ylidene carbenes remain the most studied 
classes, with sterically bulky derivatives such as IPr (1d) and SIPr (2b) being 
particularly widely applied. In many cases, the catalytically active NHC- 
metal complexes are prepared in situ by employing a suitable metal pre- 
cursor in the presence of an azolium salt, although many pre-formed, 
bench-stable NHC-metal pre-catalysts have been developed. Pioneering 
studies on such complexes were conducted by Nolan (reviewed in ref. 60), 
while the series of palladium(II) Pd-PEPPSI-NHC complexes 17 (Fig. 5b) 
introduced by Organ and co-workers have received widespread attention”. 
Dissociation of the stabilizing 3-chloropyridine ligand upon in situ reduc- 
tion to palladium(0) delivers NHC-stabilized species, which are highly active 
catalysts for a variety of coupling processes, including the Negishi, Suzuki- 
Miyaura, Buchwald—Hartwig and Kumada reactions. 

The operational simplicity and versatility of NHC synthesis is also a 
major factor in their success as spectator ligands in homogeneous catalysis. 
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As well as enabling facile tuning of the electronic and steric properties of 
the active catalyst, this feature allows for the easy development of water- 
soluble? or immobilized derivatives® that increase the attractiveness of 
the catalysis reactions. Another growing area of research involves the use of 
chiral NHC-transition-metal complexes in asymmetric catalysis™. To gen- 
erate a rigid, well defined chiral environment at the catalytically active 
metal centre, strategies must be employed that overcome the inherent 
anisotropic steric properties of NHCs by restricting or nullifying the 
effect of rotation around the metal-carbene and/or carbon-nitrogen bonds. 
Successful approaches include the use of C2-symmetric NHCs, where rota- 
tion of the nitrogen substituents is impeded either by tethering or by steric 
repulsion by the backbone substituents. Alternatively, NHC ligands bearing 
an additional coordinating moiety can chelate the metal centre and fix the 
chiral environment. Notable applications of these concepts can be found in 
the field of asymmetric homogeneous hydrogenation. Highly efficient iri- 
dium olefin hydrogenation catalysts bearing chelating NHCs have been 
developed by the groups of Burgess” and, recently, Pfaltz®*, while a ruth- 
enium complex stabilized by two chiral imidazolin-2-ylidene ligands 
reported by our group has emerged as an excellent catalyst for the asym- 
metric hydrogenation of various heteroarenes”. 

The strong o-donating properties attractive for binding to individual 
metal centres in complexes are similarly beneficial to coordination to 
heterogeneous metallic materials. In contrast to the huge number of studies 
and widespread use of monometallic NHC species, however, the effect of 
NHC coordination on metallic surfaces has been markedly less well explored. 
An especially intriguing application in this area concerns their potential to 
stabilize transition-metal nanoparticles, which find multiple uses as hetero- 
geneous catalysts. In 2010, our group described the combination of asym- 
metric and heterogeneous NHC-transition-metal catalysis by employing a 
chiral imidazolin-2-ylidene as a modifier for Fe;O4-supported palladium 
nanoparticles®. A pioneering study by Chaudret and co-workers in 2011 
focused on the stabilization of ruthenium nanoparticles in the absence of a 
support, using the imidazol-2-ylidene ligands IPr (1d) and ItBu (le)®. 
Decomposition of a ruthenium(0) precursor in the presence of 0.2 equiv. 
(only for 1d) or 0.5 equiv. of the free carbenes and H) gas (at 3 bar) in 
pentane delivered non-agglomerated, monodisperse colloids 18 with well 
defined sizes depending on the NHC concentration (about 1.5-1.7 nm, 
Fig. 6a). Attempted displacement of 1d or le by diphosphine or thiol 
ligands was unsuccessful, signifying the strength of NHC-metal binding 
and demonstrating the potential of these ligands as stabilizers for nanopar- 
ticles. °C nuclear-magnetic-resonance studies not only confirmed that coor- 
dination to the ruthenium surface occurs through the carbene carbon (C’), 
but also revealed that the NHCs favoured the edge sites in a hexagonal-close- 
packed nanoparticle structure. The presence of free face sites available for 
catalysis was then demonstrated by the competence of colloids 18a and 18b 
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as catalysts in a representative arene hydrogenation reaction of styrene. 
Nanoparticles 18¢, prepared under a higher concentration of the less steri- 
cally demanding ligand IPr (1d), were shown also to possess NHCs bound 
to face sites and, as a result, displayed lower catalytic activity. 

The potential of NHC binding to heterogeneous transition metal sur- 
faces was further demonstrated in a recent 2013 study by Johnson and co- 
workers’. Well characterized monolayers of imidazolin-2-ylidene NHCs 
such as 2c were prepared on a gold surface coated onto a silicon wafer. 
Subsequent immobilization of an NHC—ruthenium(II) complex via cross- 
metathesis with the alkene substituent in 2c delivered a functional material 
susceptible to further reaction with the ROMP substrate 19 to form a surface 
functionalized with a polymer brush (a series of polymers attached at one 
end to a surface) (Fig. 6b). The remarkable stability of the ligand-gold 
binding throughout this sequence implies that suitably substituted NHCs 
could become useful anchor compounds that allow facile modification of 
the material properties via further functionalization. 


Coordination of NHCs to p-block elements 


Although the majority of reports have focused on their coordination to 
metals, NHCs also form adducts with a wide-range of non- or semi-metallic 
species (Fig. 7)°°”". As for NHC— metal complexes, o-donation from the 
carbene into a vacant o-accepting orbital of the low-valent p-block ele- 
ment is the dominant feature of these interactions. The strength of this 
dative coordination results in highly stable, non-labile complexes, which 
can exhibit dramatically different properties and reactivity to other related 
adducts. For example, in NHC-borane complexes 20 (Fig. 8a), the carbene- 
boron interaction can be considered as a covalent bond and the classical 
hydroboration reactivity of ether- or amine-borane adducts resulting from 
in situ generation of the uncoordinated parent borane is not observed’’. 
Instead, these compounds can act as bases or nucleophiles, with hydro- 
boration of ketones occurring only in the presence of an additional Lewis 
or Bronsted acid. The combination of sterically encumbered NHCs and 
bulky, electrophilic boranes such as B(CgF;)3 does not lead to adducts 
but rather to frustrated Lewis pairs, which are capable of splitting hydro- 
gen and other small molecules”. 

The strong coordination ability of NHCs has allowed the unprecedented 
stabilization of p-block elements in the zero oxidation state. The role of 
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Figure 6 | NHC coordination to 
nanoparticles and metal surfaces. 
a, Preparation and catalytic reactivity 
of NHC-stabilized Ru-nanoparticles 
prepared by Chaudret and co- 
workers”. NHCs are capable of 
binding to heterogeneous metallic 
species in the same fashion as to 
monomeric complexes leading to 
nanoparticles that benefit from the 
high degree of stabilization afforded 
by the strength of the metal-NHC 
coordination. b, Modification of 
NHC ligands coordinated to a gold 
surface reported by Johnson and 
co-workers”. The strength of the 
binding between the NHC ligands 
and the metallic surface allowed for 
cross-metathesis to be performed 
directly on the surface-bound 
ligands, leading to functionalized 
materials. cod, 1,5-cyclooctadiene, 
cot, 1,3,5,7-cyclooctatetraene ; RT, 
room temperature; py, pyridine. 
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NHCs in these adducts has been compared to that of ligands in low- 
oxidation-state transition-metal complexes with o-donation into vacant 
orbitals leading to enhanced stability”’. The steric and electronic properties 
of NHCs have been found to have a great influence on the nature of adducts 
formed upon activation of white phosphorus with species featuring P,, Ps 
and Pj, clusters all having been obtained using different carbenes. By 
contrast, reduction of an imidazol-2-ylidene-PCl; adduct by Robinson 
and co-workers led to the diatomic P» species 21, which features phos- 
phorus in a form reminiscent of that of nitrogen in N> (ref. 75). The same 
group also reported the first complex featuring silicon in the zero oxida- 
tion state (22) upon reduction of a silicon(IV) precursor (Fig. 8b)”*. 
Similar adducts involving non-metals in the elemental oxidation state 
have been prepared for other p-block elements such as arsenic and, notably, 
carbon, with compound 23 being best described as a ‘bent allene’ with an 
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Figure 7 | Major applications of NHCs coordinated to p-block elements. 
NHGCs coordinate strongly to a multitude of different p-block species, leading to 
adducts with a variety of different structures. NHCs have enabled the 
preparation and characterization of previously unknown species featuring 
p-block species in unconventional forms, such as in the zero-oxidation state or 
as radicals. NHCs may also activate small molecules either as themselves or as 
components of frustrated Lewis pairs. 
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Figure 8 | Stabilization of p-block species by NHCs. a, Structure of NHC- 
borane complexes, 20. These species find applications as reagents in organic 
synthesis and as co-initiators for polymerization. b, Structure of phosphorus(0) 
and silicon(0) species 21 and 22, prepared by Robinson and co-workers’”*”*. 
c, Structure of ‘bent allene’ 23 reported by Bertrand and co-workers”. 

d, Structure of neutral tricoordinate boron species 24 (ref. 79). The boron atom 
in this adduct possesses a lone pair. e, Deprotonation of CAAC-coordinated 
borohydride 25, recently reported by Bertrand and co-workers*’. The 


electronic structure featuring two lone pairs at the central carbon (Fig. 8c)”’. 
Adducts between NHCs and fullerenes have also been prepared”. 

The stability and reactivity of NHC-p-block element adducts is also 
influenced by the 1-properties of the NHC. In borane complexes 20, the 
poor m-accepting ability of the carbene disfavours 1,2-migration ofa boron 
substituent onto the adjacent electrophilic carbon. In other cases, however, 
the capacity to delocalize n-electron-density onto the NHC has helped 
enable the generation of previously elusive reactive species. Notable 
examples of this concept can also be found among NHC-boron adducts, 
where both borenium cations and boryl anions partially stabilized by 1- 
interactions with imidazol-2-ylidene Lewis bases have been prepared”. 
Current research efforts in this area have focused on more recently 
developed classes of NHC, which offer improved characteristics for 
stabilizing reactive intermediates. Significant advances have been made 
by the Bertrand group using cyclic (alkyl)(amino)carbenes (CAACs, 7). 
These NHCs, which feature only one nitrogen heteroatom in the ring, 
are considerably more m-accepting than imidazol-2-ylidenes and have 
enabled the preparation of unprecedented species such as the tri-coord- 
inate neutral adduct 24, which possesses a lone pair at boron (Fig. 8d)”. 
Moreover, CAAC 7a in complex 25 was recently found to be sufficiently 
electron-withdrawing to invert the traditional polarity of boron-hydro- 
gen bonds*. Treatment of this complex with potassium hexamethyldi- 
silazide resulted in deprotonation at boron and delivered the isolable 
boryl anion 26 (Fig. 8e). 

With filled o-frontier and vacant 1-frontier orbitals, the electronic 
structure of NHCs somewhat resembles that of transition metals and 
NHCs may exhibit similar reactivity to metals in the activation of small 
molecules*’. m-Accepting classes of NHCs such as CAACs (7) and the 
carbonyl-containing DACs (9) are particularly well suited to these pro- 
cesses. As revealed ina series of reports by Bielawski and co-workers, these 
latter NHCs are capable of activating small molecules such as NH3, while 
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nm-electron-withdrawing abilities of the CAAC in this species allow for a formal 
inversion of the typical reactivity of borohydrides. f, Preparation of CAAC- 
stabilized organic radical 28 by Bertrand and co-workers*®. The spin density in 
28 is partially delocalized onto the CAAC with 40% being at the formerly 
carbene carbon C’. Yields are also given (in per cent). Dipp, 2,6- 
(diisopropyl)phenyl; KHMDS, potassium hexamethyldisilazide; THF, 
tetrahydrofuran. 


[2 + 1] cycloaddition reactivity analogous to that of classical transient 
carbenes has been observed with electron-neutral alkenes and alkynes****. 

Another interesting aspect of NHC coordination to p-block elements 
that is attracting an increasing amount of research attention is the sta- 
bilization of main-group radicals™’. The m-accepting capability of NHCs 
once again has an important role in these systems, because delocalization of 
spin density across the adduct can result in greater stability. NHC-coordi- 
nated boryl radicals derived from complexes 20 were first described by 
Fensterbank, Lacéte, Malacria and Curran and co-workers in 2008, and 
have since found applications in organic radical chemistry and as co-initiators 
for radical polymerization®’. Phosphorus, silicon and arsenic radicals 
have also been prepared with CAACs (7) proving especially adept at 
stabilizing these species. Very recently, a seminal report by Bertrand and 
co-workers described the preparation of an isolable, ‘bottleable’ carbon 
radical stabilized by CAAC, 7a**. Treatment of the iminium salt 27 
formed upon addition of the free NHC to benzoyl chloride with the 
one-electron reductant tetrakis(dimethylamino)ethylene led cleanly to the 
corresponding radical species 28 (Fig. 8f). As demonstrated by X-ray 
crystallographic analysis and calculations, the spin density in this adduct 
is partially delocalized onto the NHC with the N-C—C—O fragment 
being coplanar to maximize m-overlap. The remarkable stability of com- 
plex 28, which could be stored for weeks at room temperature without 
decomposition, demonstrates the exceptional ability of NHCs, and spe- 
cifically CAACs, to stabilize highly reactive intermediates and enable the 
structure and reactivity of previously inaccessible species to be studied directly. 


NHCs as organocatalysts 

Their propensity to coordinate to carbon-electrophiles has led to a third 
major class of applications, in which NHCs act as organocatalysts 
(Fig. 9)°”**. The majority of these processes are initiated by nucleophilic 
attack of the carbene onto carbonyl groups present in organic substrates. 
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Figure 9 | Major applications of NHCs in organocatalysis. As 
organocatalysts, NHCs mediate a wide range of different organic 
transformations, with most processes involving an initial attack of the NHC 
onto a carbonyl group. Alongside transesterification and related 
transformations of esters, which are of particular relevance in polymer 
synthesis, the majority of NHC-catalysed reactions employ aldehydes as 
substrates. These processes involve an umpolung of the functional group with 


The electron-withdrawing nature of the cationic N-heterocyclic fragment 
generated upon nucleophilic attack has a key role in the subsequent 
reactivity of the adduct. In the case of esters, addition of the NHC to 
the carbonyl followed by release of the alkoxy group gives rise to an acyl 
azolium salt. This species is significantly more electrophilic than the 
original ester and can react with alcohols to afford transesterification 
products. Reactions of this type have found widespread use in step growth 
and ring-opening polymer synthesis, where NHCs offer an alternative to 
traditional organometallic catalysts and initiators”. Another role of NHCs 
in these processes results from their high Bronsted basicity with hydrogen 
bonding to the alcohol activating it towards nucleophilic attack. 

The largest and most diverse array of NHC-organocatalysed reactions 
result from nucleophilic attack of NHCs on aldehydes. Although not 
well understood at the time, the first example of this kind of transforma- 
tion dates back to 1943 when Ukai and co-workers reported the homo- 
dimerization of aldehydes to benzoins catalysed by a thiazolium salt”. 
As proposed by Breslow in 1958 (ref. 91), the mechanism of this process 
relies on the amphiphilic nature of an NHC active catalyst generated 
in situ. After initial nucleophilic attack of the NHC on the aldehyde, the 
formerly aldehydic proton in the resulting adduct is rendered acidic by 
the negative inductive effect of the cationic azolium group. Proton transfer 
then leads to the enamine-like ‘Breslow intermediate’ 29, which is nucleo- 
philic at carbon as a result of t-donation from the ring heteroatoms. The 
involvement of these species in NHC organocatalysis has been recently 
supported by the isolation and characterization of representative exam- 
ples derived from SIPr (2b) by Berkessel and co-workers”. In the case of 
the benzoin condensation described above, nucleophilic attack of inter- 
mediate 29 onto another equivalent of the aldehyde followed by elimina- 
tion of the NHC leads to product formation. During the course of the 
reaction, the innate reactivity of the aldehyde substrate is effectively inverted 
(that is, ‘“umpolung’) with the normally electrophilic carbonyl carbon acting 
as a transient nucleophile. Transformations of this type are therefore exam- 
ples of umpolung reactions and Breslow intermediates can be thought of as 
acyl anion equivalents”. 

The field of NHC-catalysed umpolung has grown rapidly over the last 
decades anda summary of the major reaction classes is shown in Fig. 10°”**. 
As for transformations catalysed by NHC— transition-metal complexes, 
there is generally no requirement to pre-form the free carbene in these 
processes. Instead, the active catalyst is typically generated in situ via 
deprotonation of the corresponding azolium salt precursor. The syn- 
thetic utility of many of these transformations has been greatly enhanced 
by the development of asymmetric variants using chiral NHCs. Catalysts 
based on the triazol-2-ylidene motif 5 have proved most effective in 
inducing enantioselectivity with systems featuring a chiral nitrogen sub- 
stituent incorporated into a rigid polycyclic structure being widely employed. 


the carbonyl carbon acting as a transient nucleophile rather than an 
electrophile. Related transformations involving an umpolung at the B-position 
of a,B-unsaturated substrates are also known. These include ‘conjugate 
umpolung’ reactions of «,$-unsaturated aldehydes and processes involving 
direct attack of the NHC onto o,B-unsaturated esters (Michael umpolung). A 
further class of transformations involve azolium intermediates formed from 
aldehydes upon in situ oxidation or that have leaving groups in the o-position. 


Using these unsymmetrical catalysts, one geometric isomer of the Breslow 
intermediate is favoured over the other while approach of the electrophile is 
directed to the least hindered enantiotopic face. Under conditions where the 
benzoin condensation is reversible, nucleophilic attack of the Breslow inter- 
mediate onto other electrophiles may also occur. In particular, hydroacyla- 
tion reactions involving addition of aldehydes to activated alkenes such as 
Michael acceptors have been extensively studied (the Stetter reaction). 
Extending the range of suitable olefinic coupling partners in this process 
has been a focus of research in our group”, with the successful applica- 
tion of comparatively electron-neutral styrene derivatives being recently 
realized using an electron-rich 2,6-dimethoxyphenyl N-substituted triazol- 
2-ylidene catalyst”. 

Alternative reactivity pathways of Breslow intermediates not invol- 
ving a formal umpolung at the carbonyl carbon are also accessible”’. For 
example, elimination of a leaving group situated in the o-position can 
generate acyl azolium salts of the same type that is observed upon NHC 
addition to esters. Similar species may also be formed from pre-oxidized 
substrates such as ketenes or upon direct in situ oxidation of the Breslow 
intermediate in the presence of an external oxidant. These intermediates 
may release the NHC fragment directly upon addition-elimination of a 
nucleophile or first react as enolate or enone equivalents with the azo- 
lium moiety as a bystander”. A particularly powerful and widely studied 
class of transformations concerns the reactivity of «,B-unsaturated alde- 
hydes. The Breslow-type intermediates formed with these substrates 
possess an extended m-system and, consequently, nucleophilic attack 
may occur in a conjugate fashion to afford products resulting from an 
umpolung at the B-position (termed “conjugate umpolung”)”. Sterically 
demanding NHC catalysts, which reduce competitive functionalization 
at the classical ‘carbonyl’ position, are often beneficial in these processes. 
Another class of reactions with o.,B-unsaturated carbonyl compounds involve 
the initial conjugate addition of the NHC to the B-position rather than to 
the carbonyl group. The resulting adducts can then react to afford a- or 
B-functionalized products resulting from Morita—Baylis—Hillman-type 
chemistry or a formal umpolung at the B-position, respectively”. 

One especially exciting area of current research activity involves acces- 
sing the umpolung reactivity observed with aldehydes from other classes 
of substrates. An elegant demonstration of this concept was recently reported 
by Chi and co-workers in a variety of annulation reactions of saturated 
aliphatic esters 30 (ref. 100). A mechanistic rationale for these processes, 
showing the formation of the key diamino dienol Breslow-type inter- 
mediate 31, is illustrated in Fig. 11a. After initial nucleophilic addition- 
elimination of the NHC to the ester group, tautomerization of the resulting 
acyl azolium salt gives rise to an enol species 32. The electron-withdrawing 
nature of the azolium substituent in this compound renders the B-CH, 
protons relatively acidic and, in the presence of excess DBU base (where 
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Figure 10 | Major NHC-catalysed reactions of aldehydes. The reaction 
between NHC organocatalysts and aldehydes leads to the enamine-like 
‘Breslow intermediate’ 29. This species is nucleophilic at the formerly carbonyl 
carbon and reacts to form products resulting from an umpolung of the 
aldehyde. The two most studied transformations of this type are the 
(aza)benzoin condensation where the Breslow intermediate attacks an 
aldehyde or imine and the Stetter reaction involving nucleophilic attack onto an 
electron-deficient alkene. With «,$-unsaturated aldehydes, the Breslow-type 
intermediate can instead act as a nucleophile at the B-position (termed 


DBU is 1,8-diazabicyclo[5.4.0]undec-7-ene, 1.5-2 equiv.), deprotonation 
can occur to afford the homoenolate equivalent 31. The remarkable select- 
ivity for this deprotonation step over more conventional «-functionalization 
pathways can also be partly explained by the high degree of conjugation 


cycloaddition cyclopentene 


formation 


“conjugate umpolung’) leading to annulated products. A third major reaction 
class involves acyl azolium intermediates. These may be formed directly upon 
elimination of Breslow-type intermediates derived from aldehydes bearing 
leaving groups at the o-position, or upon oxidation with an external oxidant. 
Subsequent trapping by a nucleophile leads to products of oxidation, although 
other reactivity pathways are also accessible where the azolium moiety acts as a 
spectator. EWG, electron-withdrawing group; LG, leaving group; Nuc, 
nucleophile. 


present in the resulting intermediate with B-aryl-substituted substrates 30. 
The Breslow-type species 31 is analogous to that obtained under conven- 
tional conditions with 4, B-unsaturated aldehyde substrates and can react as 
anucleophile via conjugate umpolung to afford B-functionalized products. 
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Figure 11 | NHC-catalysed B-functionalization of saturated esters. Recently 
reported by Chi and co-workers’, this reaction involves accessing NHC- 
catalysed reactivity pathways conventionally observed with aldehydes from 
saturated esters. a, Mechanism for the formation of ‘Breslow-like’ diamino 
dienol intermediate 31 from saturated aliphatic esters 30. A key deprotonation 
at the B-position of the acyl azolium intermediate formed upon addition- 
elimination to the ester (shown in blue) leads to the same kind of intermediate 
that is observed upon direct addition of NHCs to «,B-unsaturated aldehydes. 
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b, NHC-catalysed asymmetric annulation of saturated aliphatic esters and 
enones. Nucleophilic attack of the Breslow-type intermediate 31 onto the 
enone followed by ring closing and extrusion of carbon dioxide leads to 
cyclopentenes. High levels of enantioselectivity were observed using the chiral 
triazolylidene catalyst 33. DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; 

e.r., enantiomeric ratio; MeCN, acetonitrile; HBF,, tetrafluoroboric acid; 

d.r., diastereoisomeric ratio; MS, molecular sieves. 
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Despite the prevalence and widespread use of aliphatic esters as feedstocks 
in organic chemistry, alternative synthetic methods of selectively activ- 
ating the B-position of these substrates are scarce. Moreover, using the 
chiral triazol-2-ylidene catalyst 33, this methodology allows for high levels 
of enantiocontrol during the annulation reactions with five-membered 
carbo- and heterocycles being delivered in enantiomeric ratios of up to 
97:3, using enone, trifluoroketone or hydrazone electrophiles (the reac- 
tion with enones is shown in Fig. 11b). 


Outlook 


The discovery and development of N-heterocyclic carbenes is undoubt- 
edly one of the greatest success stories of recent chemistry research. In 
the 23 years since Arduengo and co-workers reported the first ‘bottleable’ 
NHC, seminal contributions from many different groups on the struc- 
ture, coordination chemistry and reactivity of these compounds have led 
to a multitude of applications across many different fields. NHCs are now 
workhorses of organic and organometallic chemistry, rivalling phosphines 
as ancillary ligands in transition metal catalysis and offering new possibil- 
ities in main-group chemistry and organocatalysis. 

However, as we hope is clear from the examples of recent research touched 
upon in this review, the meteoric rise of NHCs is far from complete. Along- 
side their other roles, NHCs are continuing to find many new applications 
across the chemical sciences. One area of promise is the field of hetero- 
geneous catalysis, where the strength of NHC-metal binding can allow 
for enhanced stabilization of metallic colloids or surfaces, with the poten- 
tial for modification of the catalyst properties via in situ functionalization 
of the ligand. The strength and stability of the metal-ligand bond, and the 
ability to readily fine-tune the properties of organometallic complexes 
through structural modification of the ligand, also explain the increasing 
use of NHCs in metallopharmaceuticals. Significant advances are also being 
made in fields where the use of NHCs is more established. In organocata- 
lysis, recent pioneering research has focused on the development of new 
reactivity pathways which expand the range of suitable reaction partners 
beyond the traditional aldehydes. 

A major driver of current ground-breaking research is the develop- 
ment of new NHCs with different properties and reactivities. In the field 
of homogeneous transition-metal catalysis, ruthenium catalysts featuring 
novel chelating imidazolin-2-ylidene ligands have facilitated Z-selective 
olefin metathesis, while recently developed chiral NHC ligands have shown 
promise in asymmetric hydrogenation reactions. New classes of NHCs 
such as DACs and CAACs have shown unprecedented reactivity in the 
activation of small molecules and in the stabilization of hitherto inac- 
cessible non-metallic species. CAACs are particularly suited to such sta- 
bilization, as exemplified by the recent report ofa CAAC-stabilized ‘bottleable’ 
organic radical. Given the tremendous strides that have been taken over the 
last two decades, and the high-quality research currently being conducted, 
the future of NHCs looks very exciting. 
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A zero-knowledge protocol for nuclear 
warhead verification 


Alexander Glaser!, Boaz Barak* & Robert J. Goldston? 


The verification of nuclear warheads for arms control involves a paradox: international inspectors will have to gain high 
confidence in the authenticity of submitted items while learning nothing about them. Proposed inspection systems 
featuring ‘information barriers’, designed to hide measurements stored in electronic systems, are at risk of tampering 
and snooping. Here we show the viability of a fundamentally new approach to nuclear warhead verification that incor- 
porates a zero-knowledge protocol, which is designed in such a way that sensitive information is never measured and 
so does not need to be hidden. We interrogate submitted items with energetic neutrons, making, in effect, differential 
measurements of both neutron transmission and emission. Calculations for scenarios in which material is diverted from 
a test object show that a high degree of discrimination can be achieved while revealing zero information. Our ideas for a 
physical zero-knowledge system could have applications beyond the context of nuclear disarmament. The proposed 
technique suggests a way to perform comparisons or computations on personal or confidential data without measuring 


the data in the first place. 


Existing nuclear arms-control agreements between the United States 
and Russia place limits on the number of deployed strategic nuclear 
weapons. Verification of these agreements takes advantage of the fact 
that deployed weapons are associated with unique and easily account- 
able delivery platforms, that is, missile silos, submarines and strategic 
bombers, to which agreed numbers of warheads are attributed. The 
next round of nuclear arms-control agreements, however, may place 
limits on the total number of nuclear weapons and warheads in the 
arsenals. This would include tactical weapons as well as deployed and 
non-deployed weapons. Such agreements would require new verifica- 
tion approaches, including inspections of individual nuclear warheads 
in storage and warheads entering the dismantlement queue. This is a 
qualitatively new challenge because the design of nuclear weapons is highly 
classified information that cannot be exposed to international inspectors. 
A viable verification approach therefore has to resolve the tension between 
reliably verifying that the inspected warhead is authentic while avoiding 
disclosure of information about its design’. 

Practitioners and policy makers have been well aware of this con- 
undrum, and prior work by national laboratories in the United States, 
Russia and the United Kingdom addressed it by using ‘information 
barriers’**. These barriers consist of sophisticated automated systems 
that process highly classified information measured during an inspection, 
but only display results in a yes/no manner. Such systems are inherently 
complex, and require both parties to trust that they have no ‘trapdoors’ 
hidden from the inspector, which could be used to cause a system to declare 
invalid objects as authentic, nor side channels unknown to the host, which 
could leak classified information to the inspector or others. These concerns 
are serious obstacles to adopting such systems. 

In this work we consider a fundamentally different approach to this 
problem. Rather than trying to acquire and analyse classified data behind 
an engineered information barrier, we use the cryptographic notion of 
zero-knowledge proofs to ensure that sensitive data are never measured in 
the first place. 


Zero-knowledge proofs (with marbles) 


These proofs, invented in the 1980s by Goldwasser, Micali and Rackoff’, 
have become an important tool of modern cryptography. They achieve 
the paradoxical goal of allowing one to prove that a statement is true 
without revealing why it is true. Such proofs are extremely useful for 
many digital applications, including privacy-preserving data mining, 
electronic voting and online auctions®. To achieve zero knowledge, 
Goldwasser et al. extended the traditional notion of a proof from a static 
text to a protocol, which involves randomization and interaction between 
the prover and verifier. At the end of the protocol, the verifier has a high 
degree of confidence that the statement is correct, while the prover is 
guaranteed that the verifier did not learn anything about the data under- 
lying the truth of the statement. For our application, the host submitting 
warheads for inspection takes the role of the prover and the inspector the 
role of the verifier. 

Whereas classical zero-knowledge proofs are digital protocols, prov- 
ing statements about mathematical objects, we illustrate the concept 
using a physical zero-knowledge protocol that is closely related to our 
proposed verification approach (Fig. 1): 

Alice (the host) has two small cups both containing X marbles, where 
X is some number between 1 and 100. She wants to prove to Bob (the 
inspector) that both cups contain the same number of marbles, without 
revealing to him what this number X is. To do so, Alice prepares two 
buckets, which she claims each contain (100 — X) marbles. Bob now 
randomly chooses into which bucket which cup is poured. Once this is 
done, Bob verifies that both buckets contain 100 marbles. 

The protocol reveals no information on X because, regardless of the 
value of X, Bob always sees 100 marbles in both buckets. However, ifthe 
cups did not have the same number of marbles, then no matter how 
Alice prepares the buckets, with a probability of 50% after the pouring 
at least one of the buckets will not contain 100 marbles. If Alice and Bob 
repeat this game, say, five times, then if Alice consistently cheats she 
will be caught with probability (1- 27°) > 95%. 
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02142, USA. 3Princeton Plasma Physics Laboratory, Princeton University, PO Box 451, MS 41, Princeton, New Jersey 08540, USA. 


26 JUNE 2014 | VOL 510 | NATURE | 497 


©2014 Macmillan Publishers Limited. All rights reserved 
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Alice claims that 
two cups contain the same 
number of marbles 


Bob chooses randomly 
into which bucket 
which cup is poured 


(L,L) and (R,R) or (LR) and (R,L) 


She then also offers 
two buckets of marbles 


She claims these buckets also contain 
an identical number of marbles 


From marbles to neutrons 


The relevance of the above protocol to our setting is that we want to 
show that two or more putative warheads have identical neutron trans- 
mission and emission counts under irradiation by high-energy neutrons. 
We follow the template approach for warhead verification’, in which a 
radiation measurement generates a complex and unique fingerprint of 
an inspected item. This fingerprint is then compared against the finger- 
print of one or more templates to confirm that all items are materially 
identical. Template selection is a critical and challenging step. In prac- 
tice, templates could be directly selected from deployed weapons so that 
the inspecting party has high confidence in their authenticity. Strong chain- 
of-custody measures would have to be in place to assure the inspectors 
that the templates have not been swapped out between visits. In the case 
of weapon systems that are not currently deployed, and in other cases 
where a trusted reference item may not be available, differential mea- 
surements could still be valuable. In these cases, measurements of a large 
number of warheads in a batch could confirm that they are all materially 
identical. Combined with some other supporting evidence (for example, 
records confirming the ‘pathway’ or ‘provenance’ of at least some of 
these items), this could provide confidence in the authenticity of all items 
in the inspected batch’. 

We compare the submitted items by recording the transmission 
pattern of 14-MeV neutrons, as well as recording the intensity of neu- 
trons emitted at large angles from the items. Active interrogation of 
nuclear warheads or warhead components with high-energy neutrons 
and other types of radiation has been successfully demonstrated, but 
does require detailed safety analyses. Note that, even when exposed to 
strong neutron sources, the induced fission events in a nuclear warhead 
produce less than a milliwatt of heat, which is far less than the heat already 
generated by o-decay and spontaneous fission in items containing, for 
example, kilogram quantities of plutonium. 

Neutron radiographic images of warheads contain highly classified 
information, but in our case they are actually never measured. Rather, 
by analogy to the marbles example, they are recorded using detectors 
that are preloaded with the negative of the radiograph. Preloaded values 
are not revealed to the inspector. As in the marbles example, after the 
measurement and if the host is telling the truth, the inspector always 
sees the same number of counts in every detector. Furthermore, as in 
the marbles example, preloads supplied with the submitted items are 
shuffled at random, so if the items actually differ, then no matter how 
the preloads are chosen, with significant probability the image will not 
be uniform, and a mismatch will be present on both items. 

Unlike the marbles example, neutron measurements are inherently 
statistically noisy. To avoid conveying information through the noise 
distribution we use preloaded values that are noisy as well. In particular, 
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Figure 1 | A zero-knowledge 
protocol to prove that two cups 
contain the same number of 
marbles. L,L indicates left cup into 
left bucket, and so on. The 
confidence level increases with the 
number of games played. See main 
text for details. 


Bob now counts the marbles 
in each bucket and should 
find the same number in both 


50% confidence after 1st game 
75% confidence after 2nd game 
95% confidence after 5th game 


since the signal added during interrogation will have a Poisson distri- 
bution, we also use a Poisson distribution for the preloads. Using the fact 
that the sum of two Poisson distributions is also Poisson in character, our 
protocol achieves the following: the neutron count obtained by any mea- 
surement on the template or on any valid submitted item is distributed 
according to the Poisson distribution with mean equal to a previously 
agreed-on value, Ninax» and a standard deviation equal to (Nmax) = 

Since Nmax is known in advance by both sides, neither the mea- 
surement nor its noise reveals any new information. Nmax for trans- 
mission could reasonably correspond to the maximum number of 
counts that is expected in the absence of a test item. Ifa submitted item 
varies from the true warhead (or the submitted preloads are not ident- 
ical) an image may be seen that could contain sensitive information. 
This will be an additional strong incentive for the host not to cheat. 

For simplicity of operation, we envision that the host places the 
detectors for each measurement in a removable board that forms part 
of the measurement system. Crucially, the inspector chooses which 
board to use with which test item. As in the marbles example, this 
means that if the host uses non-identical boards to try to mask invalid 
items, then with 50% probability the invalidity will be made more 
evident by the measurement with the mismatched boards. Since we 
expect that this ‘game’ will be repeated many times, even a risk-tolerant 
host would not accept the resulting low chance of success. We note that 
testing multiple warheads in parallel is an attractive option, because it 
makes the probability of detecting the use of non-identical preloads 
significantly higher. 

Once the measurements have been completed and the detectors 
read out, the inspecting party can verify the functionality of the detec- 
tors by exposing them to additional neutrons. This is an important 
advantage of the proposed method. For inspection systems proposed 
so far, specialists from the inspecting country would not be allowed to 
examine any equipment once it has seen classified information. 

Although we examine here neutron measurements using preloaded 
non-electronic detectors, there may be other non-electronic zero-knowledge 
protocols for warhead verification that can avoid the use of engineered 
information barriers. Indeed, such systems could be complementary to 
the neutron measurements discussed here. 


Monte Carlo analysis 

We now show how our approach can be implemented in practice, and 
that small differences between two objects can be reliably detected. We 
have analysed the approach with a series of simulations using the general 
Monte Carlo N-Particle (MCNP) transport code*. Construction of a 
physical experimental set-up is under way. 
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We propose to use 14-MeV neutrons from a deuterium-tritium neut- 
ron generator’ to interrogate test items, allowing detailed transmission 
profile measurements and also measurements of neutron intensities at 
large angles due to elastic and inelastic scattering, fission and (n,2n) 
reactions. The neutrons from the generator are collimated by 60 cm of 
polyethylene and illuminate the inspected item (Fig. 2). An array of 
neutron detectors placed at a distance of 50cm behind the centre of 
the item provides the transmission measurements. Additional detectors 
(not shown) can be positioned with additional shielding at large angles 
to the beam, that is, in the shadow of the collimator, to measure neutrons 
emitted from the test item. 


Test item 

The test item used for this analysis is the unclassified ‘British Test 
Object’ (BTO), which consists of concentric rings of polystyrene, tung- 
sten (two rings with a combined mass of 7.74 kg), aluminium, graphite, 
and steel. The BTO has an outer diameter of 18.9 cm and a height of 
5cm. This test object does not contain special or other nuclear materi- 
als, but is used to develop and calibrate imaging systems for diagnostic 
analysis of nuclear weapons". (n,2n) reactions in the tungsten used in 
this test object provide a reasonable approximation of induced fission 
events expected for a nuclear warhead or warhead component. Neutron 
multiplication in a real item would increase net neutron production 
rate by some finite amount, but the effect is extremely small for trans- 
mission measurements. Furthermore, the energy threshold (~10 MeV) 
used for the transmission detectors renders them insensitive to fission 
and (n,2n) neutrons. The BTO is placed in a container in order to avoid 
revealing to the inspector the appearance or orientation of the inspected 
item inside the container. 


Detector array 

To assess the viability of our proposed protocol, we work with a board 
holding a hexagonal array of 367 detectors consisting of 21 rows of 17 
or 18 detectors within an area of about 42 cm X 42 cm. The assumed 
area of each detector (pixel) is 2 cm”. By rotating the BTO, the board 
can image it in any orientation. 

In the analysis below, detectors are assumed to be sensitive to neut- 
ron energies >10 MeV. Neutrons scattered from the walls of the room 
are not included in the calculations, but preliminary studies indicate 
that room return has at most a small impact when using 10-MeV- 
threshold detectors, particularly if the room is specially prepared for 
the inspection—for example, with borated polyethylene in front of 
borated concrete walls. 


Detector array 
(367 bubble detectors) ——C) 


| 

| Neutron —@® | 

source British Test Object 
in container 


eo—_{_—_ Neutron collimator 
(polyethylene) 


Figure 2 | Experimental set-up with neutron source, neutron collimator, 
British Test Object in container, and detector array. Large-angle detectors 
are not shown. See main text for details. 
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Figure 3 illustrates typical results from a template and a valid item in 
two different orientations; for reference purposes, the respective neutron 
radiographs of the test items are shown, but these data are never mea- 
sured in the inspection, since only preloaded detectors are used. As 
expected, in the case of inspecting a valid item, detector counts are dis- 
tributed consistent with a Poisson distribution with mean and variance 
Nmax: In the following, only the more challenging side-view orientation of 
the BTO is used for analyses of four representative diversion scenarios. 


Diversion scenarios 

To examine diversion scenarios, in which material is removed or replaced, 
we need to define a decision rule to distinguish passed from failed tests. 
For our present purposes, we use a very simple rule looking for stat- 
istical outliers on predefined groups of pixels. If we denote individual 
detector counts by the numbers X;,,..., X,, then we can define new 
numbers Yj,...,Y;, where every Y; is the sum of a small number of the 
X;s, divided by the expected standard deviation of Y for a match case 
(that is, inspected item identical to template). We define the test to be 
positive (that is, diversion detected) if there is at least one j with | Y;| > T, 
where T is a threshold chosen such that in the match case for every 
j the probability that | Y;| > T is at most pg,/k where pg, is our allowed 
false positive rate. Concretely, in our setting, we examine k = 295 non- 
disjoint seven-pixel windows defined by a central detector and its six 
nearest neighbours. In this case, to achieve a false positive rate ps, = 0.05, 
the threshold can be computed numerically to be T= 3.76 standard 
deviations. 

Sensitivity of the measurements to diversion scenarios increases 
with Nmax and the associated improvements of counting statistics. We 
therefore examine in the following a series of different diversion scen- 
arios and a range of values for Njyax to determine system requirements 
(Table 1). In the full-removal scenario, both tungsten rings are removed 
from the BTO, which is easily detected even for very low detector counts. 
Similarly, iflead is used to substitute both tungsten rings, the diversion is 
clearly distinguishable even by simple visual inspection of the detector 
board (Fig. 4, top). Our proposed statistical test identifies the diversion 
in the full-substitution scenario with a probability of true positives, p,,, 
of > 0.99, even for Nmax as low as 1,000 detector counts. 

The local-removal and local-substitution scenarios are more chal- 
lenging. In these cases, a 36° sector of the outer tungsten ring is removed 
or replaced, which corresponds to a diversion of 543 g of tungsten con- 
tained in the BTO. To achieve a detection probability of 95%, an Nmnax of 
5,000 is required in the case of the localized tungsten removal. When lead 
is used to substitute for tungsten in the 36° sector, Nmax increases to 
32,000 for the same detection probability. 

Note that in these studies no use has been made of the emission 
detectors at large angles. The more realistic case of substitution of *°U 
for **°U in a nuclear weapon component results in a reduction by a 
factor of about two in the induced fission rate due to 14-MeV neu- 
trons. Substitution of reactor-grade for weapon-grade plutonium has 
a small effect on the directly induced fission rate, but a large effect on 
the spontaneous fission rate, which could be detected passively by op- 
erating the side detectors in the absence of the neutron source. Thus 
the calculations presented here are conservative. 

We note that 5% of the items will be flagged as invalid by our pro- 
posed test procedure due to the set 5% false positive rate, even in the case 
where all items are valid. Retesting flagged items will rapidly determine 
their validity. If a detection probability for invalid items of 95% is 
deemed too low, either routine retesting or a greater Njyax can be imple- 
mented to increase this value. The optimization of any retesting scen- 
ario, and study of a wider range of host strategies for cheating, as well as 
inspector strategies for analysing signal patterns to find such cheating, 
will be the subject of future research. 


Preloadable non-electronic detectors 


Perhaps the most critical aspect of a viable implementation of the pro- 
posed verification approach is the choice of the detector technology. The 
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Figure 3 | Results of MCNP5 
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detectors must have the capability to be preloaded with a desired neutron 
count before the inspection. At a minimum, this preload has to persist 
for hours or days and its decay rate, if present, be well characterized. 
Preloaded counts must be indistinguishable from counts accumulated 
during irradiation of the test items. Detectors should be energy selective 
so that the effect of low energy neutrons returning from room walls can 
be minimized. They should be insensitive to y-rays, have high efficiency, 
and permit total counts in the range discussed above. Finally, relying ona 
non-electronic detection mechanism is highly advantageous given that 
complex electronic components and circuits are potentially vulnerable to 
tampering and snooping. We find that at least two detector technologies 
can meet these criteria: superheated emulsions (‘bubble detectors’) and 
neutron activation analysis detectors. 

In superheated emulsions, neutron recoil particles trigger the forma- 
tion of macroscopically observable bubbles from microscopic droplets 
that are dispersed in an inert matrix’’. These detectors can be configured 
to have essentially any desired energy threshold from 10 keV to 10 MeV. 
Commercially available, polymer-based bubble detectors are limited toa 
maximum bubble count of the order of a few hundred bubbles, beyond 
which camera-based imaging techniques cannot resolve bubbles indi- 
vidually. Superheated drop detectors produced with an aqueous gel can 
be used up to much higher bubble counts. Either optical tomography or 
magnetic resonance imaging allow the counting of bubbles hidden in the 
depth of the fluid’*". If the highest N,,.. is desired, multiple detectors 
can be exposed in series. By the proper choice of a compliant matrix, 
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detectable ageing (growth) of bubbles can be eliminated. Net detection 
efficiency of the order of 1% can be easily achieved. The emulsions can 
be contained in opaque containers so that a preload is not visible to the 
inspector. 

For neutron activation analysis, imaging can be undertaken using, 
for example, an array of hexagonal prisms made of zirconium". °°Zr 
has a neutron activation threshold of 12 MeV through an (n,2n) reac- 
tion. The resulting *Zr has a half-life of 3.3 days, which must be taken 
into account to determine the required level of preloading. Counting 
the y-rays from *?Zr decay in high-purity germanium well detectors 
should give a net detection efficiency of about 0.25%. For 3-cm-long 
prisms, with a cross-sectional area of 2 cm”, this would provide an Nmax 
in the range of 20,000 within one hour, for a commercially available DT 
neutron generator producing 3 X 10° neutrons s ' (ref. 15). Indium has 
an appropriate activation response to fission neutrons, with reduced 
sensitivity in the range of 14 MeV, for use in the side detectors. It will 
be important to ensure that unshielded, preloaded activation samples are 
not in the presence of y-ray detectors before their final exposure in order 
to avoid providing the inspector with any information about the preloads. 

Detectors can be preloaded with counts with the appropriate statistical 
properties by exposing them to energetic neutrons for a pre-calculated 
period of time and/or through a pre-calculated depth of shielding. As 
discussed above, statistical noise in the measurement will not reveal any 
information. However any systematic measurement errors must be well un- 
derstood, such that while one detector may be characterized by a different 


Table 1 | Probability of an item being flagged as ‘invalid’ as a function of Nax With 10,000 realizations for each case 


Item Nmax 
500 1,000 2,000 5,000 10,000 32,000 
Valid item* =5% =5% =5% =5% =5% <5% 
Full removal of both tungsten rings >99.9% >99.9% >99.9% >99.9% >99.9% >99.9% 
Full substitution of tungsten rings by lead 77.7% 99.5% >99.9% >99.9% >99.9% >99.9% 
Local removal of tungsten Undetectable 15.7% 41.7% 94.6% >99.9% >99.9% 
Local substitution of tungsten by lead Undetectable Undetectable 6.0% 11.7% 30.2% 95.5% 


* By design. 
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Figure 4 | Results of MCNP5 
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efficiency from another, which can be calibrated out, this efficiency must 
not vary significantly between the preload and the measurement pro- 
cesses. For example, it is important to maintain control over the tem- 
perature of bubble detectors during irradiation. The DT neutron generator 
must also be well controlled and measurable, so that there is no significant 
variation in the shape of the neutron field produced nor in the total 
number of neutrons emitted when irradiating items. An accurate neu- 
tron flux monitor can be used to set the irradiation time, so perfect repro- 
ducibility is not required in the rate of neutron production. We anticipate 
that these requirements can be met, but the techniques to achieve the 
necessary degree of control need to be demonstrated and validated. 

The steps following a measurement should be relatively straight- 
forward. Since the information contained in the detectors is in prin- 
ciple unclassified, protocols can be devised that permit using both 
host-provided and inspector-provided measurement tools. We anticip- 
ate that, depending on the strength of the neutron source, the measure- 
ments themselves could be completed within hours. Readout would be 
very quick in the case of bubble detectors, but could take days in the case 
of some activation detectors. This is not a major constraint, since read- 
out could take place in parallel with other measurements and activities 
at the site. The authentication process could be accelerated dramatically 
if N warheads are processed simultaneously (including, for example, 
M<N reference items). Typically, authentication of one warhead per 
day can be considered a reasonable target, especially since dismantle- 
ment of the warhead itself (including recovery of fissile material and 
removal of classified features) would take much longer. Authentication 
is therefore not a significant bottleneck in the process. 

Developing a practical inspection system for nuclear warhead veri- 
fication will be a major undertaking. Ideally, such a system should be 
jointly developed by partners from weapon and perhaps also non- 
weapon states. The successful UK-Norway Initiative has shown that 
such collaborations are possible’’. Similar efforts could be undertaken 
for the system proposed here. They would help refine and demonstrate 
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to the satisfaction of all parties the robustness of the method in practical 
situations, where systematic errors in measurements, small misalign- 
ments, or variations in environmental conditions may pose additional 
challenges that are difficult to anticipate with computer simulations. 

More generally, we believe that our approach and techniques could 
have other applications beyond the area of nuclear disarmament. Once 
data are measured and converted to digital form, secure comparisons 
and computations can be performed using many cryptographic tools’””*. 
However, if the measurement device itself cannot be trusted, it is best 
to ensure the data are never measured in the first place. This could be 
the case not just for state secrets, but also for personal data, such as bio- 
metric data or results of medical tests. For example, following earlier 
versions of the present work, it was proposed”’ that similar ideas could 
be used to compare DNA found in a crime scene with a suspect’s DNA 
without actually measuring the latter and creating a DNA profile. Ex- 
ploring other such applications is an exciting future direction of research 
on zero-knowledge proofs. 


Conclusion 

Authenticating nuclear warheads without revealing classified informa- 
tion represents a qualitatively new challenge for international arms- 
control inspection. Here we have shown an example ofa zero-knowledge 
protocol based on non-electronic differential measurements of trans- 
mitted and emitted neutrons that can detect small diversions of heavy 
metal from a representative test object. This technique will reveal no 
information about the composition or design of nuclear weapons when 
only true warheads are submitted for authentication, and so does not 
require an engineered information barrier. The zero-knowledge approach 
has the potential to remove a major technical obstacle for verifying deep 
cuts in the nuclear arsenals, which will probably require verification of 
individual warheads, rather than whole delivery systems. Timely demon- 
stration of the viability of such an approach could be critical for future 
rounds of arms-control negotiations. 
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Aspergillomarasmine A overcomes 
metallo-f-lactamase antibiotic resistance 
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The emergence and spread of carbapenem-resistant Gram-negative pathogens is a global public health problem. The 
acquisition of metallo-B-lactamases (MBLs) such as NDM-1 is a principle contributor to the emergence of carbapenem- 
resistant Gram-negative pathogens that threatens the use of penicillin, cephalosporin and carbapenem antibiotics to treat 
infections. To date, a clinical inhibitor of MBLs that could reverse resistance and re-sensitize resistant Gram-negative 
pathogens to carbapenems has not been found. Here we have identified a fungal natural product, aspergillomarasmine 
A (AMA), that is a rapid and potent inhibitor of the NDM-1 enzyme and another clinically relevant MBL, VIM-2. AMA also 
fully restored the activity of meropenem against Enterobacteriaceae, Acinetobacter spp. and Pseudomonas spp. possessing 
either VIM or NDM-typealleles. In mice infected with NDM-1-expressing Klebsiella pneumoniae, AMA efficiently restored 
meropenem activity, demonstrating that a combination of AMA and a carbapenem antibiotic has therapeutic potential to 
address the clinical challenge of MBL- positive carbapenem-resistant Gram-negative pathogens. 


The B-lactams (penicillins, cephalosporins, carbapenems and mono- 
bactams) are one of the most important and frequently used classes of 
antibiotics in medicine and are essential in the treatment of serious 
Gram-negative infections. Since the clinical introduction of penicillins 
and cephalosporins over 60 years ago, the emergence of B-lactamases, 
enzymes that hydrolyse the B-lactam ring that is essential for the cell- 
killing activity of the antibiotics, has been an ongoing clinical problem’. 
Antibiotic resistance has intensified medicinal chemistry efforts to 
broaden antibacterial spectrum while shielding the core B-lactam 
scaffold from -lactamase-catalysed hydrolysis. The result has been 
multiple generations of B-lactams with improved efficacy and tolerance 
to existing B-lactamases. However, pathogenic bacteria have in turn 
evolved further resistance mechanisms primarily by acquiring new or 
modified B-lactamases. This is typified by the emergence of extended 
spectrum f-lactamases that inactivate many of the latest generation 
cephalosporins and penicillins (but not carbapenems)’. Consequently, 
the past two decades have seen substantial increases in the utilization 
of carbapenems such as imipenem and meropenem. Predictably, this 
increase in carbapenem consumption has been accompanied by the emer- 
gence of carbapenem-resistant Gram-negative pathogens (CRGNP)**. 
In particular, carbapenem-resistant Enterobacteriaceae (CRE) is a grow- 
ing crisis across the globe® as witnessed by recent outbreaks in Chicago® 
and British Columbia’. 


MBLs are an unmet clinical challenge 


Carbapenemases, f-lactamases that inactivate carbapenems, can be 
divided into two categories based on their mechanism of f-lactam ring 
hydrolysis. The first use an active site serine residue that covalently attacks 
the B-lactam ring for example, KPC and OXA-48 types®. The second 
are MBLs that use Zn”* atoms to activate a nucleophilic water molecule 
that opens the ring, for example, VIM and NDM types’. Several inhi- 
bitors of serine B-lactamases are clinically available as co-drugs in which 
the inhibitor is formulated with a B-lactam antibiotic in order to overcome 
resistance (for example, clavulanic acid with amoxicillin, tazobactam 
with piperacillin, sulbactam with ampicillin and the more recent serine 


B-lactamase inhibitor avibactam, which is in phase III clinical trials paired 
with various cephalosporins)’®. Despite ongoing efforts'’’”, there are no 
equivalent inhibitors for MBLs in the clinic for practical and technical 
reasons. First, until recently, MBL-derived CRE was not thought to be 
a major clinical problem and its rapid increase has outpaced MBL- 
inhibitor development. Second, the development of a single inhibitor 
to neutralise key clinically important MBLs (VIM and NDM) has been 
deemed too technically challenging, and overcoming in vivo toxicity 
associated with cross reactivity with human metalloenzymes has been 
aconcern. With the recent emergence of MBLs as a major clinical threat, 
a potent and safe inhibitor of MBLs particularly against VIM and NDM 
would greatly benefit infectious disease management. 


Cell-based screen for inhibitors of NDM-1 


Weinitiated a cell-based screen for inhibitors of the NDM-1 MBL using 
our in-house collection of dimethylsulphoxide (DMSO)-dissolved nat- 
ural product extracts derived from environmental microorganisms. To 
increase the sensitivity of the screen to MBL inhibitor discovery we 
generated a test strain of Escherichia coli BW25113 in which the bamB 
and folC genes were independently deleted (E. coli BW25113 AbamBAtolC). 
BamB is essential to outer membrane porin assembly and disruption 
results in increased permeability to small molecules’ and TolC is a key 
component of tripartite small molecule efflux systems such as AcrA- 
AcrB-TolC that serve to actively eliminate small molecules from the 
cell’. Therefore, E. coliBW25113AbamBAtolC increases the sensitivity 
of the screen to discovery of hits. This strain was further modified by 
integrating the blaypm-; p-lactamase gene under control of the pLac 
promoter into the chromosome (E. coli BW25113 AbamBAtolCAaraDAB:: 
pLac(blaypm.1)). We screened this strain in the presence ofa sub-lethal 
concentration of meropenem (one quarter of the minimum inhibitory 
concentration 0.125 pg ml) in combination with ~500 natural pro- 
duct extracts. 

The screen generated one reproducible hit from an extract ofa strain 
of Aspergillus versicolor (as identified by 18S rRNA gene sequence) with 
excellent ability to restore meropenem antibiotic activity against the 
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E. coli screening strain. The selectivity of the extract to neutralise NDM-1 
activity in vitro was confirmed using purified enzyme and the colorimetric 
B-lactamase substrate nitrocefin and with the carbapenem drug mer- 
openem. Activity-guided purification of the active compound from 
the fermentation broth of A. versicolor and subsequent detailed chem- 
ical characterization identified the MBL inhibitor as aspergillomaras- 
mine A (AMA; Fig. 1a, Extended Data Table 1 and Extended Data 
Figs 1-5), a fungus-derived molecule that was discovered and repor- 
ted in the early 1960s for its wilting and necrotic activity on plant 
leaves'’. This molecule was re-evaluated in the 1980s as an inhibitor 
of angiotensin-converting enzyme (ACE)’° and in the early 1990s as a pre- 
clinical candidate for the inhibition of activation of human endothelin”, a 
peptide that modulates blood vessel muscle contraction. The activation 
of this vasoconstricting peptide requires endothelin-converting enzyme, 
which, like angiotensin-converting enzyme, is a metalloproteinase that 
shares some mechanistic similarities with MBLs. This previous work 
demonstrated that AMA was well-tolerated and had low toxicity in mice 
(dose lethal to 50% of animals tested (LD; 9) was 159.8 mg per kg, iv. 
compared to EDTA at 28.5 mg per kg) and had no effect on mean atrial 
blood pressure’®. 


AMA is a potent inactivator of MBLs 


AMA showed potent in vitro dose-dependent inhibition of NDM-1 
and the related MBL VIM-2 (Fig. 1b), with weaker activity against the 
IMP-7 MBL. AMA had no effect on the serine B-lactamases TEM-1 
and CTX-M-15 as well as the serine carbapenemases KPC-2 and OXA- 
48 (Fig. 1b and Extended Data Fig. 6b). The fact that AMA was iden- 
tified as an inhibitor of unrelated mammalian metalloproteinases in the 
past suggested that the compound interacts with the MBL metal cen- 
tres. Inhibition of NDM-1 was shown to be irreversible after removal of 
AMA by gel filtration (Fig. 1c), but enzymatic activity could be restored 
by addition of excess ZnSO,, consistent with a metal depletion mech- 
anism (Fig. 1d). The inhibition of mammalian metalloenyzmes could 
be seen as a potential side effect, however, AMA was only able to reduce 
the activity of rabbit lung ACE by ~ 35% in concentration-response 
assays (Extended Data Fig. 6a). Extended incubation of the metalloen- 
zymes NDM-1, VIM-2, IMP-7 and ACE at high concentrations of AMA 
(0.5mM) in Zn**-depleted buffer prepared as previously described" 
led to complete inactivation of NDM-1 and VIM-2, and ~70% and 
~50% inhibition of activity in IMP-7 and ACE, respectively, dem- 
onstrating selectivity towards NDM and VIM MBLs (Extended Data 


Table 2). Time-dependent inactivation was shown to be saturable for 
NDM-1 (K; = 11nM,k4> = 0.0062 s~!) and VIM-2 (K, = 7nM, ky = 
0.0065 s’) (Fig. 1e), consistent with an inactivation mechanism whereby 
AMA removes Zn7* ions similar to known in vitro chelators that interact 
with subclass B1 MBLs”. This mechanism of action was confirmed by 
inductively coupled mass spectrometry that showed a loss of ~ 1.8 Zn 
equivalents in NDM-1 inactivated by AMA (Fig. 1f). 

Systematic titration of AMA and meropenem concentrations against 
our engineered E. coli and a panel of clinical CRE strains demonstrated 
that AMA restored meropenem activity consistent with NDM inhi- 
bition. Checkerboard MIC studies confirmed the expected synergy 
between meropenem and AMA only in NDM-1-expressing CRE and 
not in carbapenem-sensitive strains (Fig. 2a, b). Fractional inhibitory 
concentration (FIC) index values were determined to be < 0.1 for a panel 
of 16 clinical CRE isolates tested against meropenem and AMA combi- 
nations (FIC values of = 0.5 are defined as synergistic”) (Extended Data 
Table 3). Potentiation of AMA (8 jig ml ~ ’) with meropenem was further 
investigated using 229 MBL positive (SPM-1, IMP, NDM, AIM and 
VIM) non-clonal clinical isolates (Enterobacteriaceae, Acinetobacter 
spp. and Pseudomonas spp.) (Fig. 2c). A total of 76 isolates were also 
tested that possessed serine carbapenemases, or MBLs and serine carba- 
penemases. Strains were amassed over a 10 year period as part ofa global 
MBL collection including isolates from Russia, India, Pakistan, Australia, 
North Africa and South America. AMA restored meropenem sensitivity 
(2 ug ml’) in 88% of NDM positives isolates and 90% of VIM positive 
isolates. Importantly, AMA was active in Pseudomonas spp. (mainly 
Pseudomonas aeruginosa), which are viewed as a highly challenging 
model for new antibiotics. AMA showed very little potentiation with 
SPM-1, IMP and AIM but these MBLs are less numerous than the 
global VIM and NDM MBLs and therefore deemed to be less clinically 
relevant. The lack of potentiation with IMP-expressing strains correlates 
well with biochemical data showing less potent inactivation of purified 
IMP-7 compared to NDM-1 or VIM-2 (Extended Data Table 2). 


AMA reverses carbapenem resistance in vivo 

The resistance profile of NDM-1-positive clinical CRE and the efficacy 
with which AMA potentiated meropenem activity against NDM-1- 
positive clinical CRE suggested that AMA would reverse NDM-1- 
mediated resistance to meropenem in vivo and restore clinical efficacy 
of this antibiotic. To test this, CD1 mice were infected intraperitone- 
ally with a lethal dose of NDM-1-positive K. pneumoniae N11-2218 
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Figure 1 | AMA inactivates MBLs. a, Chemical structure of AMA. b, AMA 
inhibits NDM-1 (black circles) (IC59 4.0 + 1.0 uM) and VIM-2 (white circles) 
(ICs of 9.6 + 2.4 1M). Activity of OXA-48 (black squares) was unaffected by 
AMA. c, Removal of AMA via PD10 column does not restore NDM-1 
activity, confirming irreversible inactivation. d, Addition of excess ZnSO, 
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restores activity post-inactivation. e, The rate of inactivation of NDM-1 and 
VIM-2 is saturable with AMA concentration. f, ICP-MS confirms depletion of 
Zn from NDM-1. For all experiments error bars denote standard deviation 
of three technical replicates. 
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Figure 2 | AMA potentiates 

the activity of meropenem 

against carbapenem-resistant 
Gram-negative pathogens. 

a, b, Microdilution checkerboard 
analysis showing the combined 
effect of AMA and meropenem 
selectively against CRE 

(a, K. pneumoniae N11-2218 MIC 
meropenem = 32 1g ml) but not 
a carbapenem-sensitive strain 

(b, E. coli BW25113 MIC = 0.008- 
0.016 pg ml’). Heat plots shows the 
average of two technical replicates. 
c, VIM- and NDM-expressing 
Gram-negative pathogens were 
highly susceptible to meropenem and 
AMA combination (2 1g ml’ and 
8 ug ml *, respectively) whereas 
AIM-, IMP-, and SPM-1-expressing 
isolates remained resistant. 
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to initiate a lethal systemic infection and the effects of meropenem 
or AMA monotherapy or antibiotic-inhibitor combination therapy was 
evaluated. Preliminary dosing experiments determined empirically that 
the bacterial load of NDM-1-positive K. pneumoniae in tissues was 
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Figure 3 | AMA rescues meropenem activity in vivo. CD-1 mice were given a 
sub-lethal dose of K. pneumoniae N11-2218 (meropenem MIC 32 pg ml’) by 
ip. injection. a, b, Groups of mice were treated with a single dose of meropenem 
(10 mg per kg), a combination of meropenem (10 mg per kg) plus AMA (10 mg 
per kg), or PBS by subcutaneous injection. Bacterial load in the spleen (a) and 
liver (b) was determined by selective plating. Data are the means with standard 
error from two separate experiments (n = 7 per group). ¢, For survival 
experiments, CD-1 mice were given a lethal dose of K. pneumoniae N11-2218, 
and treated with a single dose of meropenem (10 mg per kg), a combination of 
meropenem (10 mg per kg) plus AMA (30 mg per kg), AMA alone (30 mg 
per kg), or PBS by subcutaneous injection. Data are the means with standard 
error from four separate experiments (m = 12 per group, except the AMA only 
treatment in which n = 13). Groups were analysed using a non-parametric 
Mann-Whitney U-test. P values < 0.05 were considered statistically 
significant. 


lsolates susceptible to meropenem and AMA combination (%) 


unaffected by treatment with AMA alone, and that this strain was 
resistant to meropenem monotherapy at doses below 50 mg per kg, 
leading to lethal infection (Extended Data Fig. 7). However, combination 
therapy with AMA and meropenem significantly reduced the bacterial 
load in the spleen (Fig. 3a) and to a lesser extent in the liver (Fig. 3b) 
after a single intraperitoneal dose. Remarkably, although meropenem 
or AMA alone were unable to prevent lethal infection by NDM-1-positive 
K. pneumoniae, a single dose of combination therapy led to > 95% 
survival at 5 days following infection (Fig. 3c). 

AMA presents a non-toxic candidate for an antibiotic adjuvant that 
can overcome resistance mediated by NDM and VIM MBLs and re- 
sensitize carbapenem-resistant Gram-negative pathogens to carbape- 
nems. Active drug/inhibitor combinations continue to be highly successful 
in the clinic with inhibitors targeted to serine B-lactamases**. AMA pre- 
sents for the first time, in vitro and in vivo, complementary activity 
against key MBLs that have become rapidly global and result in sig- 
nificant human morbidity particularly in developing countries. In 
combination with a B-lactam antibiotic such as meropenem as we show 
here, resistance can be overcome and antibiotic activity fully restored. 
AMA (or semi-synthetic derivatives) is therefore an excellent lead for 
an antibiotic adjuvant co-therapy to address the recent emergence of 
MBLs in the clinic. 


METHODS SUMMARY 


E. coli strain BW25113 was modified by deletion of the bamB and tolC genes so as 
to increase permeability to and reduce efflux of small molecules. This strain was 
then further modified by the single-copy chromosomal insertion of the blanpm-1 
gene under control of the pLac promoter. Microbial natural product extracts were 
screened against this strain in the presence of sublethal one-quarter MIC mer- 
openem. AMA was purified from a hit extract and its structure elucidated by 
NMR, mass spectrometry and polarimetry. Half-maximum inhibitory concen- 
tration (ICs) values for AMA were determined using nitrocefin (for MBLs and 
Ser BLs) and furanacryloyl-L-phenylalanylglycylglycine (for ACE)” as reporter 
substrates against the following purified enzymes: MBLs IMP-7, VIM-2, and 
NDM-1; SBLs CTX-M-15, KPC-2, OXA-48 and TEM-1; as well as ACE from 
rabbit lung. ICs, reversibility, Zn** restoration, and inactivation enzyme assays 
were performed in 50 mM HEPES pH 7.5 and measured using a SpectraMax reader 
(Molecular Devices). ICP-MS experiments were conducted using purified NDM-1 
at 5mg ml’ and varying concentrations of AMA with subsequent dilution and 
transfer by nebulization into a NexION 3000 ICP mass spectrometer (Perkin 
Elmer). FIC values were determined using standard methods’. Various concentra- 
tions of AMA were tested in combination with 2 mg!” ' meropenem against over 
200 MBL-expressing clinical isolates including Pseudomonas spp., Acinetobacter 
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spp. and Enterobacteriaceae. A dose of 2 X 10° colony-forming units (c.f.u.) of 
Klebsiella pneumoniae N11-2218 was used for all organ bacterial load experiments 
and a dose of 5 X 10’ c-f.u. for all survival experiments. For all experiments, mice 
were treated with compound 30 min post-infection. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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The selective tRNA aminoacylation 
mechanism based on a single GeU pair 


Masahiro Naganuma’, Shun-ichi Sekine‘, Yeeting Esther Chong**, Min Guo°y, Xiang-Lei Yang? , Howard Gamper®, 
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Ya-Ming Hou®, Paul Schimmel®’” & Shigeyuki Yokoyama? 


Ligation of tRNAs with their cognate amino acids, by aminoacyl-tRNA synthetases, establishes the genetic code. Throughout 
evolution, tRNA“" selection by alanyl-tRNA synthetase (AlaRS) has depended predominantly on a single wobble base pair in 
the acceptor stem, G3*U70, mainly on the k,., level. Here we report the crystal structures of an archaeal AlaRS in complex 
with tRNA“" with G3-U70 and its A3-U70 variant. AlaRS interacts with both the minor- and the major-groove sides of 
G3-U70, widening the major groove. The geometry difference between G3-U70 and A3°U70 is transmitted along the acceptor 
stem to the 3’-CCA region. Thus, the 3’-CCA region of tRNA“" with G3-U70 is oriented to the reactive route that reaches the 
active site, whereas that of the A3*U70 variant is folded back into the non-reactive route. This novel mechanism enables the 
single wobble pair to dominantly determine the specificity of tRNA selection, by an approximate 100-fold difference in keat. 


The genetic code requires extremely high aminoacyl-tRNA synthesis speci- 
ficity. Each aminoacyl-tRNA synthetase (aaRS) ligates its specific amino 
acid to the adenosine in the conserved 3’-terminal CCA sequence of 
tRNA. The identity, or the amino acid-accepting specificity, of each tRNA 
is determined by a particular set of structural features (identity set)'”. The 
identity sets of most tRNAs consist of a limited number of nucleotides, 
such as anticodon nucleotides**. 

The discovery that the identity set of alanine tRNA (tRNA“") from 
Escherichia coli is just the single GeU wobble base pair, in the middle of 
the amino acid-acceptor stem (G3*U70)’*, engendered the concept of 
the second genetic code’. A G3*U70 to Watson-Crick mutation of E. coli 
tRNA“” and reverse mutations of non-alanine tRNAs drastically decreased 
and increased, respectively, the aminoacylation by alanyl-tRNA synthe- 
tase (AlaRS)’*, reportedly on the kat level’®. Throughout evolution from 
bacteria to humans, AlaRS recognizes G3°U70 of tRNA“" as the dom- 
inant identity determinant'' (Fig. 1a, b). 

With a specific dependence on G3°U70, E. coli AlaRS alanylates small 
RNAs recapitulating the tRNA“" acceptor stem (7-12 base pair stem- 
and-loop or duplex RNAs)’”’*""”, These model RNAs were used for 
analyses with nucleotide analogues, such as inosine and deoxyribonu- 
cleotides, to elucidate which functional groups in the tRNA“" acceptor 
stem are important for alanylation. First, unlike the Watson-Crick pairs, 
G and U in the GeU pair (Fig. 1a) are shifted towards the minor and 
major groove sides, respectively, and form two hydrogen bonds without 
using the 2-amino group of G and the 4-carbony] group of U’*. The non- 
hydrogen-bonded nature of the 2-amino group in the G3*U70 wobble 
pair is important for aminoacylation’. Furthermore, the 2’-hydroxyl 
groups of U70 and C71 and the base of A73 contribute to alanylation. It 
is likely, therefore, that a number of nucleotides in the acceptor stem are 
involved, directly or indirectly, in interactions with AlaRS. However, it is 
still mysterious how just a single pair at positions 3°70 plays the dom- 
inant role among the interacting nucleotides, to determine the strict speci- 
ficity for tRNA‘” (refs 7, 8, 20). 


Here we report two crystal structures of AlaRS from the archaeon 
Archaeoglobus fulgidus, in complexes with tRNA“" bearing G3*U70 
(tRNA“!"/GU) and with a variant bearing A3*U70 (tRNA“"/AU), toge- 
ther with an alanyl-AMP analogue. The tRNA recognition domain of 
AlaRS widens the major groove, and thereby contacts both the minor- 
and major-grooves of the acceptor stem. Between the AlaRS*tRNA“"/ 
GU and AlaRS*tRNA“"/AU structures, the local geometrical difference 
between G3eU70 and A3°U70 (Fig. 1a) propagates into the drastically 
distinct orientation of the CCA region, so that the 3’-end A76 of tRNA“"/ 
AU is kept far from the aminoacylation active site. This unprecedented 
mechanism explains why just a small difference in the sequence (the single 
base pair at positions 3 and 70) results in the specific selection of RNA“", 
predominantly on the k,, level. 


The AlaRS-tRNA“" complex structures 


The crystal structure of the complex of A. fulgidus AlaRS, tRNA“”, and 
an alanyl-adenylate analogue, 5’-O-[N-(L-alanyl)sulfamoyl] adenosine 
(Ala-SA)*', was solved at 3.3 A resolution (Fig. 1c-e and Extended Data 
Table 1). Furthermore, we determined the 3.5 A-resolution structure 
of a non-reactive complex of AlaRS with a tRNA“" variant possessing 
A3¢U70 instead of G3eU70 (tRNA“"/AU). In both structures, the crys- 
tallographic asymmetric unit contains one homodimer of A. fulgidus 
AlaRS, which is consistent with the results from gel-filtration chromato- 
graphy of A. fulgidus AlaRS” and sedimentation equilibrium analyses of 
A. fulgidus and E. coli AlaRSs (ref. 23, Methods). 

In both structures, AlaRS is composed of the aminoacylation, tRNA- 
recognition, editing, and C-terminal domains, among which the latter 
three consist further of the Mid1/Mid2, B-barrel/editing-core, and hel- 
ical/globular subdomains, respectively***' (Fig. 1c, d). The C-terminal 
and editing domains constitute the dimer interface (Fig. 1d, e). Both ami- 
noacylation domains of the dimer bind Ala-SA, whereas only subunit A 
binds tRNA“" using its tRNA-recognition and C-terminal domains. 
Isothermal titration calorimetry revealed that one AlaRS dimer binds 
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Figure 1 | Structure of AlaRS in complex with tRNAA™, a, GeU, AeU, and 
GeC pairs. b, Cloverleaf model of A. fulgidus tRNA“". c, A diagram of the 
AlaRS domains/subdomains. d, e, The A. fulgidus AlaRSetRNA*"+Ala-SA 
complex, presented by ribbon (AlaRS) and tube (tRNA“") models (d) and by 
surface models (e) with the domains/subdomain of AlaRS subunit A coloured 
as inc. f, Positions of tRNA“" and tRNA“* relative to the class-II 
aminoacylation domains (superimposed) of AlaRS and AspRS, respectively. 


one tRNA“" with a Kg value of 0.14 + 0.3 1M at 20 °C. Between the two 
subunits, the corresponding subdomains exhibit the same folds. How- 
ever, the tRNA“"-bound (subunit A) and tRNA“"-free (subunit B) sub- 
units are in the closed and open forms, respectively, because the Mid2 
subdomain and the C-terminal domain are differently rearranged rela- 
tive to the other (sub)domains (Fig. 1d, e and Extended Data Fig. 1a). 
The canonical L-shaped structure of the tRNA is snugly embedded 
in a large cavity, formed by the closed-form subunit (Fig. 1d, e). The 
aminoacylation domain of AlaRS adopts the typical class-II aminoacylation- 
domain fold°?**, but the position of tRNA" relative to the fold is com- 
pletely different from that conserved in all of the other class-II aaRSs 
(Fig. lfand Extended Data Fig. 2). The acceptor-T arm moiety of RNA“" 
interacts with the aminoacylation, tRNA-recognition, and C-terminal do- 
mains of AlaRS, whereas the anticodon is free of interactions (Fig. 1d, e). 
A summary of the AlaRS*tRNA“* interactions is provided in Extended 
Data Fig. 3a. 

The G3eU70 pair exhibits the wobble geometry: G3 is shifted to the 
minor-groove side and the two bases are slightly rotated, as compared 
with the Watson-Crick geometry of A3*U70 (Figs 1a and 2a, b and 
Extended Data Fig. 4a, b). These geometrical differences are also observed 
for the model RNA hairpins that recapitulate the tRNA“" acceptor 
stem****. Surprisingly, the two complexes further exhibit a drastic differ- 
ence in the orientation of the 3’-end CCA region (positions 74-76). The 
3'-CCA region of the wild-type tRNA“"/GU extends towards the 
aminoacylation catalytic site, so that A76 can reach the bound Ala-SA 
molecule (Fig. 2c and Extended Data Fig. 5a-c, g, h). However, the entire 
3'-CCA region of RNA““/AU folds back into a completely different site 
(Fig. 2d and Extended Data Fig. 5d-h), thus placing A76 at 20 A away 
from the active site. This is an unprecedented mechanism for keeping the 
bound non-cognate tRNA molecule in a non-reactive state. 


508 | NATURE | VOL 510 | 26 JUNE 2014 


b ott 
Ala 360 “Sy4 


Ala 360 £ oe 
x 9 | 
1° Asn 359 


Asn 359 


AS oo 


Ser 451) 
old His 452 


> 


. 
Ala-SA 


Figure 2 | Major differences between AlaRS*tRNA“"/GU and 
AlaRS*tRNA“"/AU. a-d, The G3°U70 (a) and A3°U70 (b) pairs and the CCA 
regions (c, d) of tRNA“ "/GU (a, c) and tRNA“"/AU (b, d). The putative 
hydrogen bonds of G3eU70 and A3eU70 with AlaRS are shown with dashed 
lines (a, b). The CCA region of tRNA“!"/GU is in the reactive route (c), whereas 
that of tRNA“"/AU is in the non-reactive route (d). The 5’-phosphate of C74 
(P74) is coloured yellow (c, d). 


The acceptor armeAlaRS interactions 

The minor-groove side of G3*U70 contacts the tip of the «14 helix from 
the Mid2 subdomain (Fig. 2a). The 2-amino group of G3 may hydrogen 
bond with the side-chain carboxyl and main-chain carbonyl groups of 
Asp 450 (Fig. 2a). The 2’-hydroxyl group of U70 possibly hydrogen bonds 
with the main-chain carbonyl groups of Asp 450 and Tyr 449 and the 
amino group of Gly 453. The Asp 450 side chain may also interact with 
the 2’-hydroxyl group of C71 (Extended Data Fig. 4d). Overall, the Tyr- 
Asp-Ser-His-Gly region (positions 449-453) at the «14 tip fits snugly 
with the unique minor groove shape of G3eU70 and its adjacent base 
pairs, G2*C71, C4*G69, and U5*A68 (Fig. 2a and Extended Data Fig. 4d-f). 
The Tyr-Asp-Ser-His-Gly sequence is conserved as Tyr-(Asp/Glu)-(Ser/ 
Thr)-(His/Tyr)-Gly in other organisms (Extended Data Fig. 4i). The 
4-carbonyl oxygen atom of U70 on the major groove side is close to 
and may hydrogen bond with the side-chain amino group of Asn 359 
(Fig. 2a). Overall, the major-groove side from GleC72 to G3eU70 is 
located near the helical loop on the N-terminal side of «11, which pro- 
vides not only Asn 359 but also Gly 361 and Tyr 364 for interactions 
(Fig. 2a and Extended Data Fig. 4c, d). The base of the discriminator A73 
is stacked on both C72 and G1, suggesting hydrogen bonding between 
A73 and Gly 361 (Extended Data Fig. 4g, h). A similar stacking pattern 
of A73 with G1¢C72 is also observed for the hairpin RNA model™. The 
three interacting residues are almost completely conserved in the AlaRSs 
from bacteria to humans (Extended Data Fig. 4i). 

In the AlaRSetRNA“*/AU complex, the acceptor-stem minor groove 
interacts with the «14 tip, and U in A3¢U70 is positioned similarly to that 
in G3eU70. In contrast, A3 is significantly shifted upward towards the 
major groove side, and is therefore much farther from Asp 450, as com- 
pared with G3 in G3*U70 (Fig. 2a, b). On the major groove side, the 
4-carbonyl group of U70 is farther from the Asn 359 side chain, as the 
uracil base is rotated to pair with the upwardly shifted adenine base. If 
a GeC pair is substituted for A3¢U70, then the 4-amino group of C70 
might be more repulsive against Asn 359 than U70. Thus, the local geo- 
metry and the interaction manner of A3*U70 (and probably G3*C70) 
on both the minor and major groove sides are specifically distinct from 
those of G3eU70. 


Geometry propagation from 3°70 to CCA 


The local geometrical differences between G3*U70 and A3*U70 on both 
the minor and major groove sides propagate towards the 3'-CCA region. 
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Figure 3 | Watson-Crick pair exclusion. a, The acceptor arms of 

tRNA“ /GU (pink) and tRNA“"/AU (cyan), with A73 (red) and G3*U70/ 
A3*U70 (magenta/blue) highlighted. b, Route separation for the CCA region, 
with the turning point at P74, by the separator '”’GGG'® and Glu 220 (sticks 
with translucent surface). c, d, The reactive state of tRNA“!"/GU (c) and the 
non-reactive state of tRNA*“"/AU (d). 


First, because A3°U70 is shifted as compared with G3eU70 and then 
G2eC71 and GleC72 are moved together with it (Fig. 3a). These nuc- 
leotide movements reach the turning point at the 5’-phosphate group 
of C74, and thus result in the drastic change in the direction of the 
polynucleotide backbone (Fig. 3b and Extended Data Fig. 5i). In par- 
ticular, A76 of RNA“*/AU remains near A73, and the two 2’ -hydroxyl 
groups are within hydrogen-bonding distance (< 3.2 A). Thus, A76 is 
kept far (about 20 A) from the catalytic site (Figs 2d and 3a and Extended 
Data Fig. 5d-f), whereas A76 of tRNA*“/GU can reach it (Figs 2c and 3a 
and Extended Data Fig. 5a-c). 

The reactive and non-reactive routes for the CCA region are separated 
by the '°GGG'” region and Glu 220, and the CCA region is sterically 
hindered from shuttling between the two routes (Fig. 3b-d). Conse- 
quently, the structure formed by '’GGG'®° and Glu 220 serves as the 
route separator. This mechanism of tRNA“" selection would apply to 
tRNA“* variants with Watson-Crick pairs replacing G3*U70 (tRNA*“"/ 
WC). In this context, Asp 174 in E. coli AlaRS is spatially near the site 
corresponding to the '"°GGG'” region and Glu 220 in A. fulgidus AlaRS 
(Extended Data Fig. 5j, k), and its Gly substitution reportedly causes mis- 
aminoacylation of the G3eC70 variant of a model RNA*. 

The geometrical difference between G3eU70 and A3°U70 is smaller 
than the range of the positional flexibility of the single-stranded CCA 
region. Consequently, the tRNA selection mechanism directing the CCA 
region into either the reactive or non-reactive route requires precise posi- 
tioning of the acceptor stem. The main mechanism is the firm clamping 
of the major and minor grooves of the acceptor stem by the Mid1 and 
Mid2 subdomains of AlaRS. First, both the major and minor grooves 
of the G1*C72, G2°C71, G3eU70 and C4*G69 pairs interact with «11 of 
Mid1 and «14 of Mid2, respectively (Fig. 4a), whereas more interactions 
are formed with the 3’-strand (residues 69-73) than the 5’-strand of the 
acceptor stem (Extended Data Fig. 3a, b). In the tRNA-free subunit B, 
013 connecting Mid1 and Mid? is kinked by ~ 18°, due to the 3 ;o-like con- 
formation around the conserved Gly 426 near the subdomain boundary 
(Fig. 4c and Extended Data Fig. 1b, c). In contrast, 13 is straight in the 
tRNA-bound subunit A, due to the change around Gly 426 from a 3,9- 
like to «-helical conformation (Fig. 4c and Extended Data Fig. 1b, c). 
Accordingly, «14 and «15 of Mid2 are reoriented upon tRNA binding. 
This Mid2 reorientation enables Mid] and Mid2 to snugly clamp the 
acceptor-stem base pairs (Fig. 4a). In contrast, Mid1 «11 and Mid2 «14 
directly contact each other in the tRNA-free subunit B (Fig. 4b). 

Concomitantly, the major groove of the acceptor stem is widened by the 
clamp, as compared with the model RNA hairpin structures**** (Fig. 4d) 
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Figure 4 | The tRNA“" acceptor stem is widened by the clamp. a, The 
tRNA“" acceptor arm trapped by the clamp (11 and 014). b, The clamp 
without tRNA“". c, Mid2 reorientation. Superimposition on Mid1. d, The 
AlaRS-induced widening of the tRNA*" acceptor stem (pink), as compared to 
the model RNA (PDB ID: 1IKD) (cyan). e, Conformational changes of G3 and 
G69 relative to the A-form RNAs. 


and the canonical tRNA structures (Extended Data Fig. 6a-f). If the major 
groove widening did not occur, then the major groove recognition would 
cause a serious clash of the G68 phosphate group with the editing core 
subdomain (Extended Data Fig. 6g), and the CCA region could not enter 
the reactive (or non-reactive) route selectively (Fig. 4d). Specifically, the 
conformations of the ribose-phosphate backbones of G3 and G69 are 
both changed from the gauche™/gauche* form, typical of the A-form 
RNA duplex, to the trans/trans form (Fig. 4e and Extended Data Fig. 7). 
The trans/trans conformation has been reported for G3, but not G69, in 
the NMR structure of the model RNA”, whereas the crystal structure 
of a similar model RNA showed the gauche™/gauche* form for G3*°. On 
the other hand, in the non-reactive AlaRS*tRNA“"/AU complex, the 
major-groove of the tRNA“*/AU acceptor stem is widened in a similar 
manner to that of tRNA“"/GU (Extended Data Figs 6h, 7a-c), with almost 
the same AlaRS conformation as in the wild-type AlaRSetRNA“"/GU 
complex. 

In addition to the Mid2 subdomain, the C-terminal domain is remark- 
ably reoriented between the tRNA-bound and tRNA-free subunits (Fig. 4c 
and Extended Data Fig. 1). The globular subdomain of the C-terminal 
domain thereby interacts with the outer corner of the L-shaped tRNA 
molecule. The conserved Gly-rich segment (®” KGSGGGR®”")?**” stacks 
on the G19°C56 tertiary base pair connecting the D and T loops (Extended 
Data Fig. 3c). Thus, the C-terminal globular subdomain (‘backrest’) snugly 
holds the back of tRNA“", whereas the tRNA“* acceptor stem sits on the 
tRNA recognition domain (‘seat’). Furthermore, the long linker (residues 
485-500) connecting the Mid2 and B-barrel subdomains (‘safety belt’) 
runs over the tRNA“" acceptor stem, near the minor groove side of 
G2eC71 (Fig. le). These features of the tRNA-embedding mechanism 
distinguish AlaRS from the other aaRSs, which bind tRNA on their 
convex surfaces (Fig. le and Extended Data Fig. 2). 

In the non-reactive conformation of the CCA region of tRNA“) AU, 
A76 is likely to interact with A73 and the linker, which might stabilize the 
non-reactive orientation. On the other hand, tRNA“"/AU in the non- 
reactive conformation hardly seems to dissociate from AlaRS, as the 
bulky CCA region should prevent the acceptor stem from going through 
the tunnel between the tRNA recognition domain and the linker (Fig. 2d 
and Extended Data Fig. 5e, f). 

These unique mechanisms for holding the tRNA seem to be required 
to place the base pair at position 3°70 in the precise recognition site. 


Selection of tRNA“ on the kat level 

By pre-steady state kinetics analyses using a quench flow apparatus, the 
Kat Values of the A. fulgidus AlaRS dimer for tRNA“ "/GU and tRNA*"/ 
AU were determined to be 14.4 + 0.2 and 0.14 + 0.02’, respectively. 
Therefore, the strict tRNA discrimination is achieved by the 100-fold 
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Figure 5 | Alanylation assays of tRNA“" with AlaRS. a, Reaction scheme 
including the non-reactive state. b, c, Alanylation of tRNA“"/GU (red) and 
tRNA“"/AU (blue), with curves of [E2*P"]+[E»"P™]+[P] simulated according 
to a. d-h, The k,t/Ky values of the wild-type, N359A, and D450A AlaRSs for 
tRNA“"/GU (d) and tRNA“"/WC (e-h). Error bars, standard deviations of the 
mean of three replicates (b-h). 


difference in the k,,, value. Next, we performed single turn-over analyses 
of the alanylation of tRNA“"/GU and tRNA“"/AU. Here, kehem is the 
rate of the overall product formation through two steps, and is almost 
equal to the rate of the aminoacyl transfer to tRNA, Ayrans: in the case of 
E. coli AlaRS*®*?. The kchem (s_') and Kg (UM) values of the A. fulgidus 
AlaRS dimer for tRNA“"/AU (24 + 6s ! and 0.59 + 0.40 uM, respect- 
ively) were only about twofold smaller and larger, respectively, than those 
of tRNA“"/GU (52+1 s 1 and 0.34 + 0.08 LM, respectively), and thus 
the differences in the k.,em and Kg values between the two tRNAs are 
much smaller than the two-orders of magnitude difference in the keat 
values (s_'). 

To interpret these observations, a simplified numerical simulation of 
the pre-steady state reactions of AlaRS for tRNA“"/GU and tRNA*“"/ 
AU was performed, on the assumption of a reaction scheme involving 
the non-reactive state in addition to the reactive state (Fig. 5a). The simu- 
lated curves fit the observed data well (Fig. 5b, c), when the reactive state 
was the major state for tRNA“"/GU, but the amount of the reactive state 
was much smaller for tRNA*“"/AU. Here, product release is what limits 
Ala-tRNA“"/AU, as it is trapped mostly in the non-reactive state (see 
Methods). The non-reactive state is most likely to correspond to the 
present structure of tRNA“"/AU on AlaRS. Therefore, the strict tRNA 
selection dependent on k,, can be accomplished by this unprecedented 
mechanism with the reactive and non-reactive states. 

Steady-state kinetics experiments (Fig. 5d—-h) also revealed that the 
discrimination of tRNA“"/GU from tRNA“*/WC variants ((RNA“"/GC, 
tRNA“ "/AU, tRNA“"/CG, and tRNA“"/UA) was mainly due to the two 
orders of magnitude differences in the k.,, values (Extended Data Table 2). 
These drastic distinctions may correspond to the differences in the prob- 
ability of adopting the reactive orientation of the CCA region. In addi- 
tion, we tested kca-level tRNA“"/AU discrimination with human AlaRS. 
Strikingly, human tRNA“*/AU binds to human AlaRS and competes 
with tRNA“"/GU. Moreover, even in the presence of excess amounts 
of tRNA“ "/ ‘AU, the discrimination against human tRNA“"/AU is ulti- 
mately via k.., (Extended Data Fig. 8). 

In contrast, the tRNA“"*-binding affinity of AlaRS is essentially the 
same between tRNA“#/GU and tRNA“"/WC, as it is mostly governed 
by various extensive interactions, such as firmly embedding the tRNA 
in the huge cavity and snugly clamping the acceptor stem. To examine 
how the snug clamping contributes to the tRNA selection, we mutated 
Asn 359 and Asp 450, which directly interact with G3eU70 (Fig. 2a). The 
keat/Kyy value of the N359A mutant for tRNA“"/GU was 1.7-fold lower 
than that of the wild-type AlaRS. By contrast, the D450A mutation affec- 
ted neither k.. nor Ky (Extended Data Table 2), but remarkably increased 
the alanylation activity for tRNA“"/WC (Fig. 5d-h and Extended Data 
Table 2). These enhanced activities of the D450A mutant are ascribed 
mostly to an increase in the k.., value (Extended Data Table 2). It is pro- 
bable that the D450A mutant loosened the clamping of the 3°70 pair, and 
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promoted the misorientation of the CCA region of RNA“"/WC towards 
the reactive route (Extended Data Fig. 5). 

On the other hand, several mismatch base pairs in place of G3¢U70 in 
an alanine suppressor tRNA reportedly cause aminoacylation by AlaRS 
in E. coli cells (GeA, CeA, and CeC are more active and UeU, C*U and 
AeC are less active), even though their activities are not as high as that 
of tRNA“"/GU””. The effects of these mismatch base pairs may be 
analogous to those of the D450A mutation, which incorrectly guides the 
CCA region into the reactive route. 

This unprecedented mechanism now provides an answer to the long- 
standing question of howa small number of nucleotides about 30 A away 
from the catalytic site can predominantly determine the tRNA identity, 
particularly on the ko level. 


METHODS SUMMARY 


The wild-type and mutant A. fulgidus AlaRSs were prepared by the method reported 
for AlaRS fragment preparation”. AlaRS was co-crystallized with the wild-type or 
variant A. fulgidus tRNA“" transcript prepared in vitro with T7 RNA polymerase. 
The X-ray data were collected at the Photon Factory and SPring-8. The initial phases 
were determined by the molecular replacement method, using the coordinates of 
the N- and C-terminal fragments of A. fulgidus AlaRS (PDB IDs: 2ZTG and 2ZVF, 
respectively), and Saccharomyces cerevisiae tRNA“ (PDB ID: 11L2)* as search mod- 
els. The refinement converged to Rand Ryrec factors of 25.0% and 28.9%, respectively. 
Aminoacylation activities were measured by scintillation counting of the radioactive 
product from L-[*H]alanine. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Polyketide natural products constitute a broad class of compounds with diverse structural features and biological activities. 
Their biosynthetic machinery, represented by type I polyketide synthases (PKSs), has an architecture in which successive 
modules catalyse two-carbon linear extensions and keto-group processing reactions on intermediates covalently 
tethered to carrier domains. Here we used electron cryo-microscopy to determine sub-nanometre-resolution three- 
dimensional reconstructions of a full-length PKS module from the bacterium Streptomyces venezuelae that revealed an 
unexpectedly different architecture compared to the homologous dimeric mammalian fatty acid synthase. A single reac- 
tion chamber provides access to all catalytic sites for the intramodule carrier domain. In contrast, the carrier from the 
preceding module uses a separate entrance outside the reaction chamber to deliver the upstream polyketide intermediate 
for subsequent extension and modification. This study reveals for the first time, to our knowledge, the structural basis for 
both intramodule and intermodule substrate transfer in polyketide synthases, and establishes a new model for molecular 


dissection of these multifunctional enzyme systems. 


Type I modular polyketide synthases are enzyme assembly lines for the 
synthesis of chemically diverse polyketide natural products that form 
the basis for nearly one-third of pharmaceuticals’. Accordingly, it is 
essential to dissect the architecture of the PKS module and to elucidate 
the molecular basis for selectivity and catalysis to enable rational bioen- 
gineering efforts for the creation of high-value chemicals and novel drugs. 

Type I PKS modules act successively in polyketide chain elongation, 
processing and termination (Fig. 1)’. Each module contains acyl carrier 
protein (ACP), ketosynthase (KS) and acyltransferase (AT) domains that 
extend the linear sequence of an intermediate by two carbon atoms. The 
AT loads the ACP with a building block from a specific acyl-coenzyme 
A (acyl-CoA), and the KS catalyses carbon-carbon bond formation 
between the intermediate from the upstream module and the acyl-ACP. 
In addition, modules may also contain domains that successively modify 
the B-keto group to a hydroxyl (ketoreductase (KR)), a double bond 
(dehydratase (DH)), or a single bond (enoylreductase (ER)). The ACP 
employs a phosphopantetheine (Ppant) arm and thioester bond to tether 
polyketide intermediates and building blocks, and transfers them to 
respective catalytic domains for loading, extension and keto-group pro- 
cessing or modification. Through direct fusion or a non-covalent docking 
interaction, the ACP also transfers the fully processed intermediate to the 
KS in the subsequent module for further extension or to the thioesterase 
(TE) in the final module for release through hydrolysis or cyclization. 

Modular PKSs are thought to share a common ancestor with the 
mammalian fatty acid synthase (FAS)°. However, to achieve perfect fidelity 
in product formation, the sequential modular PKSs have evolved to be 
highly ordered in structure and function. The FAS on the other hand 
acts iteratively within a single multifunctional protein with no inherent 
ability to deviate from its role to construct saturated fatty acid chains. 
Whereas the FAS accesses a single ACP, the PKS must ensure that the 
many ACPs within a multimodule assembly line deliver their respec- 
tive polyketide intermediates with absolute fidelity to the appropriate 
modules and catalytic domains. Furthermore, PKSs have evolved through 


insertion or deletion of catalytic domains to vary extensively in the series 
of reactions performed within a single module’. 

Currently, no high-resolution structure is available for any PKS module, 
although crystal structures have been reported for various excised PKS 
catalytic domains, KS-AT di-domains and docking domains*’. Des- 
pite the important insights from these studies, the working model for 
the PKS module is based on a crystal structure of the porcine FAS”, 
which has several limitations due to differences in the oligomeric state 
and structure of individual catalytic domains as well as substantial differ- 
ences in linker regions. Thus, obtaining high-resolution information on 
the overall structure and organization of a complete PKS module is central 
for understanding polyketide extension, processing and diversification. 


Electron cryo-microscopy of PikAIII 


To investigate the structure ofa full-length type I PKS module, we applied 
single-particle electron cryo-microscopy (cryo-EM) to visualize pikro- 
mycin PKS module 5 (PikAIII) from Streptomyces venezuelae (Fig. 1)’. 
The mono-module polypeptide, PikAIII, bearing the KS;-AT;-KR;- 
ACP; domain architecture (Fig. 1), can be produced in pure, stable form 
(Extended Data Fig. la) and characterized by established biochemical 
assays, 

Cryo-EM three-dimensional reconstructions of PikAIII were obtained 
in different physiological states. In conditions in which more than one 
PikAIII conformation was observed, we followed a multiple-reference 
classification approach*®”’ to separate cryo-EM projections and calcu- 
late independent three-dimensional maps of each conformer. On the 
basis of micrograph quality control and inclusion of several thousands 
of cryo-EM images, we obtained final reconstructions with indicated 
resolutions of 7.3-9.5 A (Extended Data Figs 1-4). The three-dimensional 
maps revealed secondary structures within PikAIII and allowed precise 
rigid body fitting of the homologous structures of the KS, AT, KR and 
ACP domains from 6-deoxyerythronolide B synthase (DEBS)”"'”®, lead- 
ing to highly accurate pseudo-atomic-resolution structures of PikATII. 
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University of Michigan, Ann Arbor, Michigan 48109, USA. °Department of Biological Chemistry, University of Michigan, Ann Arbor, Michigan 48109, USA. 
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Figure 1 | Modular polyketide synthase for pikromycin. The six modules of 
the pikromycin PKS, comprising PikAI-IV polypeptides, sequentially elongate 
and modify a polyketide intermediate. A polyketide product, either 10-dml 
from module 5 or nbl from module 6, is off-loaded by the TE domain of the final 
module, PikAIV. Modules are differently coloured. Circles represent protein 
domains (KS, AT, DH, ER, KR and ACP; KS isa decarboxylase; KR* is 


Thus, here we describe the first structural snapshots—to our knowledge— 
of a full-length PKS module in different functional states. 


Overall structure of the PKS module 


The cryo-EM structure of the 328 kilodalton (kDa) dimeric PikATII with 
the intramodule ACP; bearing a Ppant arm (holo-PikAIII) (Extended 
Data Figs 1b, c, 5a—d) reveals an arch-shaped symmetric dimer, with the 
homodimeric KS, at the dome supported on either side through a post 
formed by an AT; followed by KR; at the base (Fig. 2a-c). The ACP; 
domains, which fit unambiguously into their corresponding densities 
(Fig. 2d), are found to populate two distinct positions in a ~1:1 ratio, 
one near KR;, and one near AT; (Fig. 2 and Extended Data Fig. 4). In 
both conformers the remaining domains display identical configura- 
tions. Bottom-up liquid chromatography/Fourier transform ion cyclo- 
tron resonance mass spectrometry (LC/FT-ICR MS) established that 
the Ppant arm was present at a high level (Extended Data Fig. 5a—d), 
suggesting that the distinct ACP, locations are not attributable to the 
presence or absence of this post-translational modification. In addition, 
multiple-reference-supervised classification tests could not detect a statis- 
tically significant fraction of holo-PikAIII dimers with the two ACP; 
domains in non-equivalent positions, that is, one near the AT; and the 
other near the KRs, providing evidence for concerted ACP; movement. 

The KS;-AT; configuration in the complete PikAIII module resem- 
bles an earlier proposed PKS model’® but is strikingly different from the 
configuration of the excised KS-AT di-domains®’”' (Extended Data 
Fig. 6a) and the mammalian FAS” (Fig. 2e). In full-length PikATII, each 
AT is rotated by ~120° relative to its position in the FAS and excised 


Module 3 


Module 4 Module 5 Module 6 


inactive), and docking domains are shown as jagged ends. PikAIII schematic: 
the 1,562-amino-acid PikAIII polypeptide, selected for this study, is shown with 
functional domains in contrasting colours, used throughout, and linker 
peptides identified by residue ranges. The N- and C-terminal docking domains 
are shown as helices, as are the post-ACP dimerization helices. 


KS-ATs, and forms an extensive interface with KS, (Extended Data 
Fig. 7a). In this arrangement, AT; and the following KR; domain reside 
below KSs, creating a single ACP; reaction chamber in the centre of the 
PikAIII dimer, with the AT and KR active sites facing the chamber. The 
characteristic long and narrow shape of the PikAIII reaction chamber 
is probably crucial for excluding ACPs of other modules, thus provid- 
ing a mechanism to maintain biosynthetic fidelity. 

The three-dimensional maps of PikAIII reveal weak density for the 
post-ACP; dimerization helices (Extended Data Fig. 6b, c) and no den- 
sity for the interdomain connecting loops, either because of insufficient 
resolution, disorder, or a combination of both. Nevertheless, linker lengths 
and distance limitations indicate that each AT;-KR; post includes domains 
of the same chain, while each AT interfaces with the KS of the opposite 
polypeptide (Fig. 1 and Extended Data Fig. 6d). The linker from KR; 
to ACP; (43 amino acids) is long enough to facilitate ACP interaction 
with the KS of either subunit, suggesting that other types of steric con- 
straints may limit each ACP to interact with the KS domain of the oppo- 
site monomer, as reported for a DEBS module”**”. Only the KS,-ATs 
linker (15 amino acids) is too short, requiring an additional eight amino 
acids to span the shortest distance between a KS; carboxy terminus and 
an AT; amino terminus (70 A). This observation suggests that some 
amino acids at the AT N terminus of excised KS-ATs may be part of 
the KS-AT linker in the full module. While the resolution of the EM 
maps does not allow us to confirm this hypothesis, several lines of evi- 
dence indicate that the KS;—AT; interaction is associated with structural 
rearrangements at the domain interface. First, this is the only region 
of domain clashes between the crystal structures rigidly docked in the 
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Figure 2 | Cryo-EM structures of holo-PikAIII. a, b, Solid rendering (a) 
and transparent representations with modelled structures (b) of the cryo-EM 
map of holo-PikAIII conformer I. This conformation, in which the ACP; 
(orange) is near KRs, is observed in 57% of particle projections. c, Solid 
rendering (left) and transparent representations with modelled structures 
(right) of the cryo-EM map of holo-PikAIII conformer II. This conformation, 


three-dimensional maps, and structural rearrangements must occur to 
alleviate these clashes (Extended Data Fig. 7a, b). Furthermore, the posi- 
tion of AT; relative to KS; changes according to the substrate condition 
of PikAIII, indicating a dynamic KS;-AT; interface that adapts to differ- 
ent states during the PikAIII catalytic cycle (see accompanying paper’). 


Mutagenesis of Pik AIII domain interfaces 


To probe the KS;-AT; interaction and the associated conformational 
changes, we generated KS, and AT; mutants in PikATI-TE (PikATII 
fused to the TE domain of PikAIV)***** and assessed their ability to 
generate 10-deoxymethynolide (10-dml) (Extended Data Fig. 8a, b), 
which is a natural macrolactone product of the Pik PKS**”*, PikAIII 
AT; Lys 490 and KS; Asp 352 are near one another within the KS;- 
AT; clash zone whereas Arg 525 is outside the clash zone (Extended 
Data Fig. 7b). Mutagenesis at these sites highlighted a critical role for 
Arg 525, as also observed in the DEBS system’’. The results suggest that 
conformational changes within AT; accompany its interaction with 
KS,, whereby Arg 525 is probably crucial to the domain interface while 
Lys 490 is outside the interaction zone. Furthermore, these AT; amino 
acids are near the KS; active-site entrance in full-length PikAIII, but 
far away in the excised KS—AT structures, providing further validation 
of the cryo-EM structure. 

Linker distance limitations suggest that each AT interacts with the KS 
of the opposite chain but with the KR of the same monomer (Extended 
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in which ACP; (orange) is near ATs, is observed in 43% of particle projections. 
d, Fitting of the DEBS ACP structure” in the corresponding density of both 
holo-PikAIII conformers reveals that Ser 1438 is directed away from any active 
site. e, Comparison of holo-PikAIII full module and mammalian FAS”. The 
KS is blue, AT is green, ACP is orange (disordered in FAS), DH is yellow, and 
ER is red. Active sites are highlighted with spheres. 


Data Fig. 6d). The AT-KR conformation is incompatible with anchor- 
ing of the post-AT linker (residues 891-903) to the side of a KS mono- 
mer (Extended Data Fig. 6a), as observed in crystal structures of excised 
KS-AT di-domains and mammalian FAS®’”?”?, consistent with the 
lack of any corresponding density in the cryo-EM maps. To confirm 
this finding, we mutated conserved Phe 897 and Trp 903, which make 
extensive KS contacts in the excised KS—AT crystal structures (Extended 
Data Fig. 8b). PikATII W903A and F897A exhibited 7% and 130% of 
wild-type activity, respectively, suggesting that Phe 897 does not tether 
the post-AT; linker in the position found in the crystal structures, and 
that Trp 903 may have some other important functional role. We probed 
the AT,-KR; interface (Extended Data Fig. 7c) with three single-site 
substitutions, E766R and E768R in AT; and G929E in KRs. The AT; 
mutations reduced activity (77%, E766R; 45%, E768R) compared to wild 
type, while the KR; mutation had no effect, indicating that the observed 
ATs5-KR; interface may not be crucial for PikAIII function (Extended 
Data Fig. 8b). 


KS, active-site entrance for PikAII ACP, 

To examine how the upstream ACP, domain (PikAII module 4; Fig. 1) 
docks and transfers the pentaketide intermediate to PikAIII KS;, we 
created a PikAIII lacking ACP; to allow visualization of the upstream 
ACP, without the added complexity of the intramodule ACP. Unex- 
pectedly, we found that a PikAIII lacking ACP; and its corresponding 
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dimerization helices (PikAIII(A1403-1562)) was monomeric (Extended 
Data Fig. 9a), while a PikAIII with an internal ACP deletion (AACP3) 
but including the post-ACP; sequences (PikAIII(AACPs)) was dimeric 
(Extended Data Fig. 9a). This finding suggests that PikAIII dimeriza- 
tion by KS; is relatively weak and formation of a stable dimer requires 
the additional avidity provided by the post-ACP dimerization helices. 

The structure of PikAIII(AACP;) at 7.8 A (Extended Data Figs 4, 9b) 
revealed the same overall architecture of the PikAIII module as shown 
for holo-PikAIII, but with KR; domains rotated by 165° about each leg 
of the PikATII arch (Extended Data Fig. 7d). Thus, the orientation of 
the KR; domains with respect to the AT; domains appears to be strongly 
influenced by the presence of the intramodule ACPs. 

We next examined a PikAIII(AACP;) variant bearing ACP, fused 
with a flexible linker to the N-terminal docking domain of KS;. Fusion 
of the ACP, was necessary owing to the weak affinity of docking domains 
(dissociation constant (Kg) of 5 tM)°. The KS; active-site Cys 209 was 
substituted with an alanine (ACP,-PikATII(C209A/AACP3)) to pre- 
vent intermediate transfer from a pentaketide-loaded ACP, (Extended 
Data Fig. 5e, f). Bottom-up LC/FT-ICR MS confirmed pentaketide load- 
ing onto the ACP4-PikAIII(C209A/AACP;) fusion protein (Extended 
Data Figs 5g-l, 9c, d). The structure of pentaketide-ACP,—-PikAIII(C209A/ 
AACP3) at 8.6 A revealed ACP, bound on the top of KS, completely 
outside the intramodule ACP; chamber (Fig. 3a). The structure of the 
DEBS ACP” was accurately docked in its corresponding density near 
the entrance of the KS; active-site channel, revealing that ACP, Ser 3605 
is near the KS; catalytic Cys 209 (Fig. 3b). 

To probe the interaction between upstream ACP and downstream 
KS, we mutagenized the interaction region of PikAIV (module 6) KS.. 
The well-established PikAIII/PikAIV**™ assay generates two products, 
which are formed by transfer of the B-hydroxyhexaketide from PikAIII 
ACP; to the PikAIV KS, (following chain extension to the heptaketide 
and cyclization to generate narbonolide (nbl)) or directly to the PikAIV 
TE (to generate 10-dml) (Fig. 1 and Extended Data Fig. 8c). Therefore, 
formation of nbl requires a functional ACP;-KS, interaction while forma- 
tion of 10-dml does not**. PikAIV KS¢ residues Arg 147 and Arg 320 are 
analogous to PikAIII KS, basic residues at the ACP,-KS, interface in 
the cryo-EM reconstructions. Substitutions R147E, R320E, R320H and 
R147E/R320H reduced nbl formation to 83%, 60%, 80% and 44%, re- 
spectively, compared to wild-type PikAIV, but did not affect 10-dml for- 
mation (110%, 107%, 115% and 127%, respectively) (Extended Data Fig. 8d). 

Interestingly, no density for the upstream ACP, was observed in 
the cryo-EM map of unloaded holo-ACP4-PikAIII(C209A/AACP3:) 


Figure 3 | Interaction of upstream ACP with the PKS module. a, Orthogonal 
views of solid rendering (left) and transparent representation with modelled 
structures (right) of the cryo-EM map of pentaketide-ACP4—PikAIII(C209A/ 
AACP.) at 8.6 A resolution. b, The position of Ser 3605 proximal to the KS 
active-site entrance. Ser 3605 (red sphere) and Cys 209 (yellow sphere) are 28 A 
apart (dashed red line). Loops 1 and 2 of ACP, (residues 3588-3606 and 
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(Extended Data Fig. 9e, f). These findings provide strong evidence that 
the substrate intermediate loaded on upstream ACP, is a primary driver 
of docking at the KS; active-site entrance, in addition to protein- 
protein interactions as identified in the Pik and DEBS systems*****. 


KS; active-site entrance for PikAIII ACP; 

Next, we probed how the intramodule ACP; engages the KS; active site 
when it carries the ACP;-bound methylmalonyl (MM) extender unit for 
elongation. To prepare MM-loaded ACP, we incubated holo-PikAIII 
with MM-CoA and confirmed the presence of MM-ACP; and MM- 
ATs (Extended Data Fig. 5m-s)”” by bottom-up LC/FT-ICR MS. The 
cryo-EM structure of MM-PikAIII at 7.3 A resolution (Fig, 4a) showed 
the same overall PikAIII conformation. However, MM-ACP; interacts 
with a loop (residues 83-92) at the bottom of the KS; within the ACP; 
chamber, further indicating that ACPs localize according to the teth- 
ered substrate. Despite the overall high resolution of the MM-PikAIII 
cryo-EM map, the ACP does not fit its corresponding density with the 
remarkable accuracy we found in the other states, suggesting consid- 
erable flexibility. The lack of ACP positional rigidity is expected, consid- 
ering the flexibility of loops at this site in the KS-AT crystal structures®”””. 
Nevertheless, the conformation that provides the highest cross-correlation 
between the ACP; model and the EM density is consistent with previous 
ACP mutagenesis data®’**° and places the ACPs Ser 1438 below the KS; 
active site at a distance of 25 A (Extended Data Fig. 7e). To confirm this 
interaction, we produced single-site loop substitutions, which abolished 
macrolactone formation (R91A) or decreased it (D87A, 30% reduction) 
(Extended Data Fig. 8b). 

The ACP; location in MM-PikAIII is far from the previously estab- 
lished KS; active-site entrance, suggesting the existence of a second 
entrance at the bottom of KS.. Indeed, we find that the KS domains of 
modular PKSs have a previously unrecognized active-site entrance, which 
faces the central ACP; chamber of PikAIII (Fig. 4b) and is surrounded by 
a loop (163-174 in PikAIII) with low sequence conservation and high 
flexibility in the KS-AT crystal structures®”?". To confirm the functional 
role of the channel, we sought to obstruct it by substituting tryptophan 
for amino acids surrounding the channel entrance. Consistent with our 
hypothesis, the single substitutions $164W, N241W and D243W showed 
4%, 12% and 6% of wild-type activity, respectively (Extended Data Fig. 8b). 
Taken together, the MM-PikAIII structure, mutagenesis results and 
sequence alignments across many type I modular PKSs reveal a new 
active-site entrance that faces into the KS-AT-KR catalytic chamber. 
The entrance is used by the intramodule ACP to transfer substrates to 


Upstream 
ACP 
3 


ACP, 


AT 


KR 


3624-3634) contact two helices (residues 284-293 and 316-322) and a loop 
(residues 140-150) of KSs. c, Cartoon representation of pentaketide-ACP4- 
PikAIII(C209A/AACP;). The upstream ACP (red with yellow serine) carrying 
the pentaketide intermediate (yellow line) docks to the side entrance of the 
downstream KS (blue with yellow active site). 
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Figure 4 | Interaction of intramodule ACP; with KS; in MM-PikAIII. 

a, Orthogonal views of solid rendering (left) and transparent representation 
with modelled structures (right) of the MM-PikAIII cryo-EM map at 7.3 A 
resolution. The ACP (orange) has shifted ~20 A relative to its position in holo- 
PikAIII conformer II. b, KS active-site channels. Internal cavity analysis (purple 
surface) depicts channels to the active site from both the side and bottom 


and from the KS. In contrast, FAS I and II, as well as type II and III 
PKSs, lack this second entrance****". Instead, the bottom channel is 
closed by well-ordered loops and the channel harbouring the KS cata- 
lytic cysteine has only one entrance. 


Discussion 


The PikAIII structure, strikingly different from the more open architec- 
ture of mammalian FAS with its two ACP chambers” (Fig. 2e), reveals 
nature’s remarkable design of a dimeric type I PKS module with a single 
chamber that sequesters the active-site entrances so that they are readily 
accessible to the intramodule ACP and unlikely to encounter incorrect 
substrates delivered by other near-neighbour ACPs. This architecture 
facilitates efficient substrate channelling by providing separate entrances 
to the KS active site for the ACP carrying an intermediate from the up- 
stream module and for the intramodule ACP that carries the next exten- 
der unit and, subsequently, the elongated intermediate (Figs 3c, 4c). The 
newly identified intramodule ACP entrance on the KS is almost certainly 
inaccessible to the upstream ACP, which is docked to the KS coiled coil. 
It is less certain whether the intramodule ACP can reach the KS entrance 
for the upstream ACP, as the linker peptides were not visible in our cryo- 
EM maps. In addition, the intramodule KS entrance appears to be a 
unique feature of bacterial type I modular PKSs as it was not observed 
in iterative type II PKS, ACP-less type III PKS, mammalian FAS, yeast 
FAS and bacterial type II FAS structures”? , This difference is pre- 
sumably because none of these systems has a need for more than one 
ACP to engage the KS active site. The dual KS entrances may also facil- 
itate module ‘skipping’, as observed in the Pik and DEBS systems**™. 

The PikAIII dimeric architecture is fundamental to bacterial type I 
modular PKSs because it creates a single ACP chamber. Thus, it seems 
odd that the structures of excised KS-AT di-domains®””* fail to mimic 
the structure of the full module. Perhaps the answer lies in the fact that 
all PKS modules have at least one dimerization element that is C-terminal 
to the AT domain and is, therefore, missing from excised KS-AT di- 
domains***. Dimerization can occur through a dehydratase domain'*”’, 
post-ACP dimerization helices, as in PikAIII*, or a post-AT dimeriza- 
tion domain***. With respect to bimodules that are naturally fused, the 
downstream KS is a dimerization element for the upstream module 
because the intermodule linker has neither post-ACP dimerization heli- 
ces nora pre-KS coiled coil. Furthermore, in PikAII, the post-ACP di- 
merization helices are essential to dimer formation (Extended Data 
Fig. 9a) and exert an outsize influence on the overall module structure, 
as seen in the large rotation of the KR; (165°) upon ACP; deletion (PikAIII 
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entrances. c, Cartoon representation of MM-PikAIII. AT (green, yellow active 
site) loading of the MM building block (red) onto the intramodule ACP 
(orange, yellow serine) positions the carrier domain at the bottom entrance of 
KS (blue, yellow active site) for decarboxylative condensation, remote from the 
KR domain (purple, yellow active site). 


(AACP;)) (Extended Data Fig. 7d) and the in-concert movement of the 
two ACP, domains. 

The ACP; position within the module appears to be dictated by the 
substrate linked to the phosphopantetheine arm, as indicated by the 
specific ACP localization in the MM-PikAIII state and in the ACP,- 
PikAIII fusion loaded with pentaketide. The surfaces of ACP, and ACP; 
that engage the enzyme domains are similar to those involved in forma- 
tion of other ACP-enzyme complexes. These findings provide the 
first evidence of an elegant mechanistic solution for ACP transfer where- 
by the identity of the processed substrate itself, instead of specific 
protein-protein interactions, is the major determinant of ACP posi- 
tioning, consistent with observations that natural intermediates are pro- 
cessed more effectively than unnatural substrates”. This brilliant design 
allows for efficient and specific transfer of intermediates and optimal 
throughput of the assembly line. 


METHODS SUMMARY 


PikAIII variants for cryo-EM analysis were purified by Ni-affinity chromatogra- 
phy followed by duplicate gel filtration steps. To trap PikAIII in different states, 
the purified proteins were incubated with substrate, and adsorbed on holey car- 
bon grids followed by vitrification. Bottom-up LC/FT-ICR MS confirmed substrate 
loading in each of the PikAIII states. All specimens were imaged on a Tecnai F20 
transmission electron microscope (FEI) equipped with a field emission gun oper- 
ated at 120 kV. Images were recorded at a magnification of 66,964 on a Gatan 
US4000 CCD camera with defocus values ranging from —1.5 to —3.5 um. EMAN 
routines were used for interactive particle selection, generation of initial models, 
and three-dimensional map refinement. Crystal structures of domains were inde- 
pendently fit in the EM maps as rigid bodies. Functional assays that require inter- 
mediate processing by PikAIII detected TE-offloaded products from PikAIII-TE 
or PikAIII/PikAIV™*”. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Precision measurement of the Newtonian 
gravitational constant using cold atoms 


G. Rosi, F. Sorrentino’, L. Cacciapuoti’, M. Prevedelli? & G. M. Tino! 


About 300 experiments have tried to determine the value of the New- 
tonian gravitational constant, G, so far, but large discrepancies in 
the results have made it impossible to know its value precisely’. The 
weakness of the gravitational interaction and the impossibility of 
shielding the effects of gravity make it very difficult to measure Gwhile 
keeping systematic effects under control. Most previous experiments 
performed were based on the torsion pendulum or torsion balance 
scheme as in the experiment by Cavendish” in 1798, and in all cases 
macroscopic masses were used. Here we report the precise determi- 
nation of G using laser-cooled atoms and quantum interferometry. 
We obtain the value G = 6.67191(99) x 10°"! m’ kg”! s_* witha rela- 
tive uncertainty of 150 parts per million (the combined standard 
uncertainty is given in parentheses). Our value differs by 1.5 com- 
bined standard deviations from the current recommended value of 
the Committee on Data for Science and Technology’. A concep- 
tually different experiment such as ours helps to identify the system- 
atic errors that have proved elusive in previous experiments, thus 
improving the confidence in the value of G. There is no definitive 
relationship between G and the other fundamental constants, and 
there is no theoretical prediction for its value, against which to test 
experimental results. Improving the precision with which we know 
G has not only a pure metrological interest, but is also important 
because of the key role that Ghas in theories of gravitation, cosmol- 
ogy, particle physics and astrophysics and in geophysical models. 
The basic idea of our experiment is to use an atom interferometer as 
a gravity sensor and a well-characterized mass as the source of a gra- 
vitational field. From the precise measurement of the atoms’ accelera- 
tion produced by the source mass and from the knowledge of the mass 
distribution, it is possible to extract the value of G using the formula 


Mi M2 


ra 
r2 


F(r)=—G 


where 7 is the radial unit vector. 

Atom interferometers*” are new tools for experimental gravitation, 
for example in precision measurements of gravitational acceleration® 
and gravity gradients’, as gyroscopes based on the Sagnac effect’, for 
testing the 1/r* law’, in general relativity'° and quantum gravity models", 
and in applications in geophysics'’. Proof-of-principle experiments to 
measure G using atom interferometry have been reported’*"*. Ongo- 
ing studies show that future experiments in space will take full advan- 
tage of the potential sensitivity of atom interferometers for fundamental 
physics tests'®. The possibility of using atom interferometry for gravi- 
tational wave detection is being studied”. 

Because the problem in the determination of G depends on the pres- 
ence of unidentified systematic errors, our experiment was designed 
with a double-differential configuration to be as insensitive as possible 
to such effects: the atomic sensor was a double interferometer in a gravity 
gradiometer configuration, to subtract common-mode spurious signals, 
and to produce the gravitational field we used two sets of well-characterized 
tungsten masses that were placed in two different positions to modulate 


the relevant gravitational signal. An additional cancellation of common- 
mode spurious effects was obtained by reversing the direction of the 
two-photon recoil used to split and recombine the wave packets in the 
interferometer’®. Efforts were devoted to the control of systematics 
related to atomic trajectories, the positioning of the atoms and effects 
due to stray fields. The high density of tungsten was instrumental in 
maximizing the signal and in compensating for the Earth’s gravita- 
tional gradient in the region containing the atom interferometers, thus 
reducing the sensitivity of the experiment to the vertical position and 
size of the atomic probes. 

The atom interferometer is realized using light pulses to stimulate 
*’Rb atoms at the two-photon Raman transition between the hyperfine 
levels F = 1 and F = 2 of the ground state’’. The light field is generated 
by two counter-propagating laser beams with wave vectors k, and 
ky ~—k, aligned along the vertical direction. The gravity gradiometer 
consists of two vertically separated atom interferometers operated in 
differential mode. Two atomic clouds launched along the vertical dir- 
ection are simultaneously interrogated by the same n/2-1-1/2 pulse 
sequence. The difference in the phase shifts detected at the output of 
each interferometer provides a direct measurement of the differential 
acceleration induced by gravity on the two atomic samples. In this way, 
any spurious acceleration induced by vibrations or seismic noise in the 
common reference frame identified by the vertical Raman beams is effi- 
ciently rejected. 

Figure 1 shows a sketch of the experiment. The atom interferometer 
apparatus and the source mass assembly are described in detail elsewhere”. 
In the vacuum chamber at the bottom of the apparatus, a magneto- 
optical trap (MOT) collects ~10° rubidium atoms. After turning the 
MOT magnetic field off, the atoms are launched vertically along the 
symmetry axis of the vacuum tube by using the ‘moving-molasses’ tech- 
nique. During the launch sequence, atoms are laser cooled to a temper- 
ature of ~4 1K. We juggle two atomic samples to have them reach the 
apogees of their ballistic trajectories at about 60 and, respectively, 90 cm 
above the MOT, with a vertical separation of 328 mm. 

The atoms are velocity-selected and prepared in the magnetic-field- 
insensitive |F = 1, mp = 0) hyperfine state with a combination of three 
m Raman pulses and two resonant laser pulses used to remove the atoms 
occupying the wrong hyperfine state. The interferometers are realized at 
the centre of the vertical tube shown in Fig. 1. In this region, surrounded 
by two cylindrical magnetic shields, a uniform magnetic field of 29 uT 
along the vertical direction defines the quantization axis. Here atoms 
are subjected to the Raman three-pulse interferometer sequence. The 
central 1 pulse occurs about 6 ms after the atoms reach the apogees of 
their trajectories. At the end of the atoms ballistic flight, the population 
of the ground state is measured by selectively exciting the atoms in both 
hyperfine levels of the ground state and detecting the light-induced 
fluorescence emission. We typically detect 10° atoms on each rubidium 
sample at the end of the interferometer sequence. Each measurement 
takes 1.9 s. The information on the relative phase shift between the two 
atom interferometers is extracted from the Lissajous curve that is obtained 
when the signal of one interferometer is plotted as a function of the signal 
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Figure 1 | Sketch of the experiment. The Rb atom interferometer operates 
as a gravity gradiometer and the W masses are used as the source of the 
gravitational field. For the measurement of G, the position of the source masses 
is alternated between configurations F and C. Plots of gravitational acceleration 
(a,) produced along the symmetry axis by the source masses are also shown 


of the other. Experimental points are distributed around an ellipse. The 
differential phase shift is extracted from the eccentricity and the rota- 
tion angle of the ellipse fitting the data’. The instrument sensitivity for 
differential acceleration is 3 X 10° °gfor 1 s of integration (gis the accel- 
eration due to Earth’s gravity). 

The source mass is composed of 24 tungsten alloy cylinders, for a 
total mass of about 516 kg. Each cylinder is machined to have a diameter 
of 99.90 mm and a height of 150.11 mm. They are positioned on two 
titanium platforms and distributed with hexagonal symmetry around 
the vertical axis of the tube (Fig. 1). The cylinders’ centres lie around 
two circles with nominal radii 2R and 2RV3, respectively, where R is 
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for each configuration; a constant value for Earth’s gravity was subtracted. The 
spatial regions of the upper and lower atom interferometers are indicated by the 
thick lines. The vertical acceleration plots show the effect of source mass in 
cancelling the local gravity gradient at the positions of the atomic apogees. 


the radius of a single cylinder. The vertical positioning of the two plat- 
forms is ensured by precision screws synchronously driven by stepper 
motors and by an optical readout system. The reproducibility of the 
positioning was verified with a laser tracker to be within 1 um (ref. 20). 
With respect to the position of the apogee of the lower atomic cloud, 
the centres of the lower and upper sets of cylinders lie at respective 
vertical distances of 40 and 261 mm in one configuration (the C con- 
figuration) and at —74 and 377 mm in another (the F configuration). 

The value of the Newtonian gravitational constant was obtained from 
a series of gravity gradient measurements performed by periodically 
changing the vertical position of the source masses between configurations 


Interferometer phase (rad) 
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60 
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Figure 2 | Experimental data. a, Typical Lissajous figures obtained by plotting 
the output signal of the upper atom interferometer versus that of the lower 
one for the two configurations of the source masses. b, Modulation of the 
differential phase shift for the two configurations of source masses for a given 
direction of the Raman beams’ k vector. Each phase measurement is obtained 
by fitting a 360-point scan of the atom interference fringes to an ellipse. 

The error bars, not visible on this scale, are given by the standard error of the 
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least-squares fit to the ellipse. c, Results of the measurements to determine G. 
Each point is obtained by averaging the signals recorded for the two directions 
of the Raman k vector (Methods). Data acquisition for each point took 

about one hour. These data were recorded on different days during one week in 
July 2013. The error bars are given by the combined errors in the phase angles of 
four ellipses. d, Histogram of the data in c. 
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Table 1 | Effects, relative corrections and uncertainties considered in our determination of G 


Parameter Uncertainty in parameter Relative correction to G (p.p.m.) Relative uncertainty in G (p.p.m.) 
Air density 10% 60 6 
Apogee time 30 us — 6 
Atomic cloud horizontal size 0.5mm _— 24 
Atomic cloud vertical size 0.1mm — 56 
Atomic cloud horizontal position 1mm _ 37 
Atomic cloud vertical position 0.1mm _— 5 
Atom launch direction change C/F 8urad — 36 
Cylinder density homogeneity 107* 91 18 
Cylinder radial position 10 um — 38 
Ellipse fit _— =13 4 
Size of detection region 1mm _ 13 
Support platform mass 10g — 5 
Translation stage position 0.5mm _ 6 
Other effects _— <2 i! 
Total systematic uncertainty _— — 92 
Statistical uncertainty _— _— 116 
Total — 137 148 


Uncertainties are quoted as one standard deviation. The third column contains the corrections we applied to account for effects not included in the Monte Carlo simulation. The bias and systematic error from 
ellipse fitting are evaluated by a numerical simulation on synthetic data. Other effects include cylinder mass, cylinder vertical position, gravity gradient, gravity acceleration, Raman mirror tilt, Raman k vector and timing. 


Cand F. Figure 2 shows the data used for the determination of G. Data 
were collected in 100 h during one week in July 2013. Each phase mea- 
surement was obtained by fitting a 360-point scan of the atom inter- 
ference fringes to an ellipse. The modulation of the differential phase 
shift produced by the source mass is easily visible and could be resolved 
with a signal-to-noise ratio of 1,000 after about one hour. The resulting 
value of the differential phase shift is 0.547870(63) rad, and it was from 
this that we obtained G. The cylinders produce 97.0% of the measured 
differential phase shift, the cylinder supports produce 2.8% (ref. 20) and 
the additional moving masses (translation stages, optical rulers, screws) 
produce the remaining 0.2%. 

The sources of uncertainty affecting the value of G are presented in 
Table 1. Positioning errors account for uncertainties in the positions of 
the 24 tungsten cylinders along the radial and vertical direction, both 
in configuration C and configuration F. Density inhomogeneities in the 
source masses were measured by cutting and weighing a spare cylinder”, 
and were modelled in the data analysis. Precise knowledge of the atomic 
trajectories is of key importance in analysing the experimental results 
and deriving the value of G. The velocities of the atomic clouds, and 


their positions at the time of the first interferometer pulse, were calibrated 
by time-of-flight measurements and by detecting the atoms when they 
crossed a horizontal light sheet while moving upwards and downwards. 
The Earth’s rotation affects the atom interferometers’ signals because of 
the transverse velocity distribution of the atoms. Following the method 
demonstrated for a single interferometer”, we implemented a tip-tilt 
scheme for the mirror retroreflecting the Raman beams in our double 
interferometer. 

Extracting the value of G from the data involved the following steps: 
calculation of the gravitational potential produced by the source masses; 
calculation of the phase shift for single-atom trajectories; Monte Carlo 
simulation of the atomic cloud; and calculation of the corrections for 
the effects not included in the Monte Carlo simulation (Table 1). 

After an analysis of the error sources affecting our measurement, we 
obtain the value G = 6.67191(77)(62) X 10‘! m? kgo 5”? The statis- 
tical and systematic errors, reported in parenthesis as one standard devi- 
ation, lead to a combined relative uncertainty of 150 p.p.m. In Fig. 3, this 
result is compared with the values of recent experiments and Committee 
on Data for Science and Technology (CODATA) adjustments. Our value, 


Figure 3 | Comparison with previous results. 
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obtained with a method completely different from the ones used before, 
differs by 1.5 combined standard deviations from the present CODATA 
value, G = 6.67384(80) X 10‘! m? kg! g 

Conceptually different experiments such as ours will help to identify 
the errors that produced the remaining discrepancies among previous 
measurements. Given the relevance of the gravitational constant in several 
fields ranging from cosmology to particle physics, and in the absence of 
a complete theory linking gravity to other forces, high-precision mea- 
surements based on different methods are crucial to increase our con- 
fidence in the value of G. It is possible to imagine a new generation of 
experiments to measure G using ultracold atoms confined in optical 
traps to allow their precise positioning. The remaining major contri- 
bution to the systematic uncertainty in our experiment in fact derives 
from the positioning of the atoms with respect to the source mass. The 
choice of a different atom might reduce this source of uncertainty as 
well as others. For example, Sr atoms can be rapidly cooled to form Bose- 
Einstein condensates”, they are virtually unaffected by magnetic fields 
and collisional effects in their ground state, and the possibility of their 
precise positioning and use in gravity measurements using optical lat- 
tices has been demonstrated”*’’. Higher-sensitivity atom interferometers 
with larger splitting of the atomic wave packet would enable the use ofa 
smaller, highly homogeneous source mass such as gold or, eventually, 
silicon crystals. We foresee prospects for increasing the measurement 
accuracy in the determination of G to better than 10 p.p.m. using atoms. 


METHODS SUMMARY 


The Raman lasers frequencies v, and v, satisfy the resonance condition v2 — v, ~ 

6.8 GHz, corresponding to the separation between the F = 1 and F = 2 levels of 
°’Rb ground state. During absorption and stimulated emission processes, the res- 
onant light field exchanges with atoms a total momentum of hk = hk, — hk (h is 
Planck’s constant divided by 271), coupling the two states | F = 1, p) and |F = 2, p + hk), 
where p is the initial atomic momentum. The interferometer is composed of a 1/2- 
m-1/2 sequence of Raman pulses separated by a time T = 160 ms. The pulses split, 
redirect and recombine the wave packets, producing atom interference. At the end 
of the sequence, the probability of detecting atoms in |F = 2,p + hk) is P) = 

[1 —cos ¢] /2, where ¢ is the phase difference accumulated along the interferometer 
arms. In a uniform gravitational field, atoms experience a phase shift ¢ = k« gT” 
that can be measured and thus provides direct information on the local accelera- 
tion due to gravity. Accurate control of noise sources and systematic phase shifts is 
crucial to optimize the sensitivity and the long-term stability of gravity gradient 
measurements”. Active loops have been implemented to stabilize the optical inten- 
sities of the cooling, Raman and probe laser beams and the Raman mirror tilt. In this 
way, we reach a quantum-projection-noise-limited sensitivity to differential accel- 
erations of 3 X 10° °g after 1 s of integration time and an accuracy in the measure- 
ment of G at the level of 100 p.p.m. The measured phase shift is compared with the 
theoretical value obtained by evaluating the action integral along the trajectories 
given by the solution of the Lagrange equation: 


b= zu dt (1) 


Taking a perturbative approach”, we separate the Lagrangian L into Ly = 
p’ /2m—megz (mis the atomic mass) and L;, which accounts for the contributions 
of both the Earth’s gravity gradient and the source mass. A Monte Carlo simula- 
tion is used to evaluate the measurement results and to determine the sensitivity of 
the final phase angle to the relevant parameters. To this end, the key parameters 
entering the simulation are varied and their derivatives calculated to estimate the 
uncertainty in the measurement of G. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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METHODS 


Experimental set-up. Our interferometer uses Raman pulses to drive °’Rb atoms 
on the two-photon transition between the hyperfine levels |1) = |F = 1, mp = 0) 
and |2) = |F = 2, mp = 0) of the ground state”. The light field is generated by two 
counter-propagating laser beams with wave vectors k, and kz ~ —k, aligned along 
the vertical direction. This configuration is obtained by retroreflecting the Raman 
lasers using a mirror placed on top of the vertical tube (Fig. 1). The laser frequen- 
cies v, and v, satisfy the resonance condition vz — vy = Vg + Vac + Vrecs Where hv 
is the energy corresponding to the |1) — |2) transition, hvac accounts for the a.c. 
Stark effect and hv;e¢ is the energy shift due to the two-photon recoil. As a conse- 
quence, the transition modifies both the internal energy and the total momentum 
of the atom, coupling the two atomic states |1, p) and |2, p + hk), where k = k, — ky 
is the effective wavevector of the Raman transition. The /k momentum transfer is 
responsible for the spatial separation of the atomic wave packet along the two phy- 
sical arms of the interferometer. During interferometry, a sequence of three Raman 
pulses provides the atom-optical elements of a typical Mach-Zehnder configura- 
tion: at t= 0 a 1/2 beam-splitter pulse prepares the atoms, initially in |1, p), in an 
equal and coherent superposition of |1, p) and |2, p + hk); after atime T= 160 msa 
tt pulse plays the part of a mirror, swapping state |1, p) with |2, p + hk) and redir- 
ecting the atoms towards the output ports of the interferometer; at t = 2T a final 
m/2 pulse recombines the atomic wave packets in the two output ports, where they 
interfere. When interacting with the light field, the phase of the Raman lasers is 
imprinted on the atomic wavefunction, sampling the atomic motion at the three 
interaction events of the n/2—n-m/2 sequence. This information can be read through 
the effect of matter-wave interference by detecting the atomic population in the 
F=1 and F=2 hyperfine states. If ¢ is the phase difference accumulated by the 
atoms along the two interferometer arms, the probability of detecting atoms in |2) 
can be expressed as P, =[1—cos ]/2. In the presence of a gravity field, atoms 
experience a phase shift ¢ = k« gT”. Measuring ¢ is therefore equivalent to a mea- 
surement of the local acceleration due to the gravitational field along the direction 
of the effective wavevector, k. 

Our instrument is a gravity gradiometer consisting of two Raman-pulse inter- 
ferometers simultaneously probing two clouds of laser-cooled °’Rb atoms aligned 
along the vertical axis and separated by a distance of 328 mm (refs 21, 28). The two 
atomic clouds are interrogated by the same Raman lasers with the same interfero- 
metric pulse sequence. The difference in the phase shifts at each interferometer 
provides a direct measurement of the differential acceleration induced by gravity 
on the two atomic samples. This configuration allows a very efficient rejection of 
common-mode noise sources, including spurious accelerations at the instrument 
platform induced by mechanical vibrations or seismic noise, g variations due to 
tidal effects and phase noise introduced by the Raman lasers. In addition, the dif- 
ference in the measurements performed in configurations C and F (Fig. 1) effi- 
ciently rejects long-term systematic drifts which do not depend on the distribution 
of the source masses. They include wavefront distortions, magnetic field perturba- 
tions, Coriolis acceleration and light shift. 

Controlling sources of statistical noise and systematic phase shifts in the gravity 
gradient measurement is crucial for the experiment”. Inertial effects induced by 
the Earth’s rotation are an important source of both noise and systematic errors. 
Gravity gradient measurements are indeed sensitive to the Coriolis acceleration 
when differential velocities along the east-west direction are present between the 
two atomic samples and when the launch direction itself is not stable. Precise con- 
trol of the effects of the Coriolis acceleration is achieved by applying a uniform rota- 
tion rate to the retroreflecting Raman mirror by means of PZT actuators during the 
atom interferometry sequence~**. The optimal rotation rate, counteracting the 
local projection of the Earth’s rotation rate on the horizontal plane, is determined 
to better than 2 prads~' after maximizing the interferometers’ contrast and min- 
imizing the noise in the differential phase measurements. Under such conditions, 
the residual shift amounts to 1.5A0, where AO is the variation in the launch direc- 
tion expressed in radians when switching from configuration C to configuration F, 
and vice versa. As a consequence, a G measurement down to the 100 p.p.m. level 
requires control of the launch direction to better than 37 trad. We can control AO 
to better than 8 rad. The velocity distribution of the atoms due to the finite tem- 
perature of the sample (~4 1K) also contributes a systematic shift in the G mea- 
surement. In our experiment, the Raman mirror tilt is controlled to better than 
100 nrad, bringing the corresponding error in the G measurement to negligible levels. 
Magnetic fields can perturb atom interferometry measurements both through their 
mechanical action on the atomic trajectories and via the second-order Zeeman 
effect. A 10° shielding factor to external magnetic fields is achieved in the inter- 
ferometer volume by passively isolating the vertical tube through a system of two 
cylindrical ,1-metal layers. In addition, systematic shifts that slowly change over a 
typical timescale of a few seconds and that do not depend on the direction of the 
effective wavevector, k, are efficiently cancelled by reversing k with a frequency shift 
of the Raman lasers at each measurement cycle and taking the average phase shift’®. 


They include the second-order Zeeman effect as well as the first-order light shift. 
Finally, the main parameters of the experiment have been actively stabilized to 
optimize the sensitivity and the long-term stability of gravity gradient measure- 
ments: the optical intensities of the cooling, Raman and probe laser beams are regu- 
lated by acting on the radio-frequency power driving the acousto-optical modulators, 
and the Raman mirror tilt is controlled by a piezo tip-tilt system. In this way, we 
obtain a sensitivity to differential accelerations of 3 X 10 °g for an integration time 
of 1 s, in agreement with the calculated quantum projection noise limit for 2 X 10° 
atoms”. 

Monte Carlo simulation and measurement systematics. Gravity gradient mea- 
surements are compared with a numerical simulation that evaluates the gravita- 
tional potential produced by a given configuration of the source masses, implements 
the calculation of the phase shift experienced by single atoms at the two interfer- 
ometers, and finally runs a Monte Carlo simulation on the atomic trajectories by 
varying the initial position and velocity out of the density and velocity distribution 
of the atomic cloud that best fits the experimental density profiles. The gravitational 
potential generated by the source masses is computed analytically using a multipole 
expansion. The formula has been verified by calculating the potential of a single 
cylindrical mass along the classical path of the atoms during the interferometric 
sequence and comparing it against the numerical evaluation of the exact solution. 
The multipole expansion has been found to introduce negligible error while dras- 
tically reducing the computation time. The phase shift ¢ for an atom is obtained as 
1/h times the classical action, evaluated along the integration paths given by the 
solution of the Lagrange equation (equation (1)). We use a perturbative method” 
separating the Lagrangian L into Ly = p* /2m—mgz (mis the atomic mass) and Ly, 
which accounts for the contributions of both the Earth’s gravity gradient and the 
source mass. The phase shift due to L; is then calculated by integration over the 
unperturbed path given by the solution of the Lagrange equation for Lo. This 
approximation gives a negligible error in the determination of G because the ratio 
|L,/Lo| computed along the unperturbed paths is less than 10’ in our experiment. 
The validity of the perturbative approach was additionally checked by comparison 
with the exact solution for the case of a uniform gradient”. The interaction pro- 
cesses between the atom and the Raman laser beams during the interferometry 
sequence are modelled in the code to account for the finite duration of the Raman 
pulses. At detection, we evaluate the convolution effects due to both the finite width 
of the detection beams and the finite bandwidth of the photodiodes collecting the 
fluorescence light in the F= 1 and F= 2 channels. Crucial for the Monte Carlo 
simulation is the spatial and momentum distribution used to describe the atomic 
sample and its evolution through the velocity selection pulses and the atom inter- 
ferometer pulse sequence. Different techniques have been used to characterize the 
density and velocity profile of the atomic clouds. In particular, time-of-flight mea- 
surements provide the required information along the vertical direction, while the 
profiles in the horizontal plane are measured both by performing CCD imaging 
and by scanning the atomic cloud using the vertical Raman laser beams with a reduced 
diameter of 4 mm. The experimental data show that the spatial and velocity profiles 
of atomic clouds at launch, right after release from the magneto-optical trap, are 
well described by Gaussian distributions with spatial deviation ~3 mm and velo- 
city deviation ~16 mms’ | for the lower cloud and ~22 mms" for the upper cloud. 
The velocity selection during interferometry reduces the vertical velocity deviation 
to~3mms_ andthe horizontal velocity deviation to ~6 mms__'. Average trans- 
verse velocities are less than 1.5mms_". 

The Monte Carlo simulation is used not only to evaluate the results of our mea- 
surements, but also to determine the sensitivity of the final phase angle to the rele- 
vant parameters and to estimate the uncertainty in the G measurement. Derivatives 
are computed with respect to 28 parameters, including the positions of the source 
masses; the positions and velocities of the upper and lower clouds and their times of 
flight at detection; the Gaussian widths of the detection lasers and their positions 
with respect to the atomic clouds; the interferometry sequence duration, 27; the 
effective wavevector, k, of the Raman lasers; and the gravitational acceleration and 
its gradient. From an analysis of the results, the spread of the atomic sample along 
the vertical direction appears to be responsible for the dominant contribution, 
requiring a measurement of the Gaussian width for both the upper and lower 
clouds to better than 0.1 mm. The determination of the atomic trajectories requires 
a good knowledge of the local gravitational acceleration and of the gravity gradient. 
Gravitational acceleration was measured by using an absolute gravimeter to an 
uncertainty that contributes a negligible error to the G measurement. A recent 
measurement of the gravity gradient performed with our atom interferometer gave 
3.11 X 10 °s ’, with an effect of less than 2 p.p.m. on the determination of the 
Newtonian gravitational constant. The G measurement has been corrected for the 
effect of the finite density of the volume of air that replaces the source masses when 
they are moved from configuration C to configuration F, and vice versa. The cor- 
responding correction to the G value amounts to +60 + 6 p.p.m. Finally, a correction 
has been applied to account for the non-uniform density of the tungsten cylinders”; 
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the axial density inhomogeneity of the cylinders gives the main contribution, cor- 
responding to a correction to the G value of +90 + 20 p.p.m. 

The uncertainty budget of our measurement of the Newtonian gravitational 
constant is detailed in Table 1. Our result is reported in Fig. 3 and compared with 
the CODATA value’ and recent determinations for G (refs 31-43). 
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Carbon nanotubes have many material properties that make them 
attractive for applications’”. In the context of nanoelectronics’, interest 
has focused on single-walled carbon nanotubes* (SWNTs) because 
slight changes in tube diameter and wrapping angle, defined by the 
chirality indices (n, m), will shift their electrical conductivity from one 
characteristic of a metallic state to one characteristic of a semiconduct- 
ing state, and will also change the bandgap. However, this structure- 
function relationship can be fully exploited only with structurally pure 
SWNTs. Solution-based separation methods’ yield tubes within a nar- 
row structure range, but the ultimate goal of producing just one type of 
SWNT by controlling its structure during growth has proved to be a 
considerable challenge over the last two decades*°. Such efforts aim 
to optimize the composition®’”” or shape’* of the catalyst particles 
that are used in the chemical vapour deposition synthesis process to 
decompose the carbon feedstock and influence SWNT nucleation and 
growth”. This approach resulted in the highest reported propor- 
tion, 55 per cent, of single-chirality SWNTs in an as-grown sample". 
Here we show that SWNTs of a single chirality, (12, 6), can be pro- 
duced directly with an abundance higher than 92 per cent when using 
tungsten-based bimetallic alloy nanocrystals as catalysts. These, un- 
like other catalysts used so far, have such high melting points that 
they maintain their crystalline structure during the chemical vapour 
deposition process. This feature seems crucial because experiment 
and simulation both suggest that the highly selective growth of (12, 6) 
SWNTs is the result of a good structural match between the carbon 
atom arrangement around the nanotube circumference and the ar- 
rangement of the catalytically active atoms in one of the planes of 
the nanocrystal catalyst. We anticipate that using high-melting-point 
alloy nanocrystals with optimized structures as catalysts paves the 
way for total chirality control in SWNT growth and will thus pro- 
mote the development of SWNT applications. 

The basic idea underpinning our study is sketched in Fig. 1: we use 
molecular clusters to prepare alloy nanoparticles with specific struc- 
tural features that can then direct the structure-specific growth of 
SWNTs. Tungsten-based alloys normally form at extremely high 
temperature, but W-Co alloy nanoparticles can be obtained under 
moderate conditions when using as precursor the molecular cluster 
Najs[Na3C {Co(H20)a}6{WO(H20)}3(P2W 120.4s)3] *1H20 (ref. 26; de- 
noted as {W39Co,¢O,}), where “C’ indicates that the three Na atoms 
preceding the symbol are encapsulated by the units listed after the 
symbol. The resultant alloy nanoparticles were then used to catalyse 
SWNT growth on SiO,/Si substrates via ethanol chemical vapour 
deposition (CVD). 

Micro-Raman measurements (Extended Data Fig. 1) on SWNTs 
grown at 1,030 °C (Fig. 2c) show radial breathing mode (RBM) peaks 
intensely concentrated at ~197 cm * (Fig. 2a, b and Supplementary 
Video 1). Surface-enhanced Raman scattering measurements, which 
provide Raman spectra of individual SWNTs regardless of whether 


they are resonant with the excitation laser or not’’, further confirm the 
domination of the RBM peaks at ~197 cm (Extended Data Fig. 2). 
Tube diameter measurements also testify to the uniformity of the SWNT 
sample produced: the height profile of the atomic force microscope 
(AFM) image indicates a uniform diameter (d,) of ~ 1.28 nm (Extended 
Data Fig. 3), which closely matches the d, value of 1.24 nm calculated from 
the RBM frequency (Supplementary equation (1)). The corresponding 
tangential vibration (G mode) bands at ~1,580cm_’ exhibit typical 
Breit-Wigner-Fano line shapes (Fig. 2b and Supplementary Fig. 3), a 
feature typical of metallic SWNTs”. A chirality of (12, 6) was assigned 
by comparing with Kataura plot** (Extended Data Fig. 4and Supplemen- 
tary Fig. 2). This assignment was further verified by the electron diffrac- 
tion measurements on isolated tubes grown across the slits of silicon 
substrates and with RBMs at ~197 cm 1, which all show typical elec- 
tron diffraction patterns indexed to (12, 6) (Fig. 2d, Extended Data Fig. 5 
and Supplementary Fig. 4). 

The abundance of (12, 6) tubes in the samples grown at 1,030 °C was 
quantified by three methods. The statistics of the RBMs in the micro- 
Raman spectra, and counting for the coverage of excitation, gives an 
estimate of 94.4% based on ~3,300 detected tubes (Fig. 2f, Supple- 
mentary Tables 2 and 3). The method reported in ref. 29, which uses 
AFM to count all tubes and Raman spectroscopy to identify (12, 6) 
tubes, gives a fraction of 94.9% (Extended Data Fig. 6). And the ultra- 
violet/visible/near-infrared (UV-Vis—NIR) absorption spectrum” of 
aqueous dispersions collected from 42 SWNT samples (Extended Data 
Fig. 7) indicates that the content of (12,6) tubes is 92.5% (Fig. 2e and 
Supplementary Table 4). This analysis demonstrates direct growth of 
SWNTs witha single dominating chirality in a proportion greater than 
92%. 

To explore what enables this unprecedented chirality-selective SWNT 
growth, we carefully studied the structure of our catalyst nanoparticles. 
The extended X-ray absorption fine structure data show that W and Co 
are alloyed at 1,030 °C, with a W-Co bond length of 2.2 A (Fig. 3a). The 
X-ray diffraction (XRD) patterns of these catalysts, supported on SiO>, 
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Figure 2 | Characterizations of SWNTs grown at 1,030 °C. a, RBM-region 
Raman spectra obtained with a 1-1m laser spot. a.u., arbitrary units. b, Raman 
spectra taken with a 5-p1m laser spot (excitation wavelength, 633 nm). 

c, Scanning electron microscope (SEM) image. d, Electron diffraction pattern 
companied by the standard pattern ofa (12, 6) tube. e, UV-Vis—NIR absorption 
spectrum (background-subtracted) (open circles) of an aqueous dispersion 
collected from 42 samples, deconvolution curves (green solid line) and fitting 
spectrum (blue solid line). f, Relative abundances of various chiralities from 
Raman measurements from ~3,300 nanotubes denoted in the SWNT chiral 
map. 


present diffraction peaks corresponding to the (110), (116), (0012) 
and (1010) planes of WeCoy alloy (Fig. 3b). A transmission electron 
microscope (TEM) image of the particles is shown in Fig. 3c, and high- 
resolution TEM (HRTEM) images that exhibit lattice fringes in good 
accordance with the plane distances of W.Co, are shown in Fig. 3d, 
e (the orientations of the corresponding polyhydric nanocrystals are 
schematically illustrated in Fig. 3f, g). 

Only diffraction peaks corresponding to WeCo; alloy, W and SiO, 
appear in the XRD patterns of the catalysts. Control experiments show 
no SWNT growth when using pure W as catalyst under typical CVD 
conditions. XRD measurements further show that W.Co; alloy is still 
present after the ethanol CVD process (Extended Data Fig. 8). These 
observations indicate that the W,.Co, alloy nanoparticles are respons- 
ible for catalysing the growth of (12,6) SWNTs. 

We note that bulk W,Co, alloy has a high melting point of ~2,400 °C, 
and in situ TEM measurements reveal that the W.Co7 nanoparticles 
maintain their crystalline structure with well-faceted shapes when heated 
in vacuum to 1,100 °C (Fig. 3h-j). This suggests that the catalyst nano- 
particles are still solid during the CVD process at 1,030 °C. 

The interface between a catalyst particle and an attached SWNT 
(seen in the SEM image in Fig. 4a) was probed using ex situ HRTEM 
(Supplementary Fig. 6). The suspended tube with RBM at ~197cm ' 
shows a typical electron diffraction pattern indexed to (12, 6) (Fig. 4b, c). 
The HRTEM image in Fig. 4d shows that the interplane distance of the 


LETTER 


a b 
3 

= 3 
g x 
= > 
= = 
5 2 
G 2 
€ £ 


(*) 


Figure 3 | Characterizations of catalyst structure. a, b, Fourier transforms 
(FTs) of the L-edge extended X-ray absorption fine structure data of W 
(without phase shift) (a) and XRD patterns (b) obtained on the fresh reduced 
catalysts at 950 (line), 1,000 (line II) and 1,030 °C (line III). Here R is the 
distance between two adjacent atoms and 20 is the X-ray scattering angle. 
c-e, TEM and HRTEM images of catalyst particles prepared at 1,030 °C. 

f, g, Polyhedral atomic models of W.Co, alloy nanocrystals (pink, Co; blue, W). 
h-j, In situ HRTEM images of W-Co catalyst particles taken at 1,100 °C in 
vacuum. Scale bars in d, e, h-j are 2nm. 


catalyst along the axis of the (12, 6) SWNT is in good accordance with 
that of the (0012) planes in W.Co7 alloy. The corresponding fast 
Fourier transform pattern (Fig. 4e) further verifies that the (12, 6) tube 
axis is perpendicular to (00 12) planes. Figure 4f shows a SWNT cap 
nucleating around the (00 12) plane of a W.Co, nanoparticle. 
When using density functional theory simulations to fit different 
SWNTSs to the (0 0 12) plane ofa W,Co7 alloy particle, we found a perfect 
geometrical match for the (12,6) tube and a poor match for all other 
tubes examined (Extended Data Fig. 9). The simulations also revealed 
that the lower uniformity in the arrangement of the catalytically active 
Co atoms in W¢Co;7 alloy, relative to that in pure Co particles, results ina 
more specific structural match between certain SWNTs and the catalyst 
nanoparticles. We suggest that the structural match between catalyst and 
nanotube might be an essential factor in the chirality-specific growth we 
have achieved. This is further supported by control experiments that use 
either a catalyst prepared at 1,030 °C to perform CVD nanotube growth at 
reduced temperatures of 1,000 and 950 °C, or catalysts prepared at 1,000 
and 950 °C (at which W and Co are not alloyed): the former experiment 
produced a remarkably higher abundance of (12,6) SWNTs (Extended 
Data Fig. 10), indicating that the alloy catalyst is critical for the growth of 
(12, 6) tubes. Initial experiments have shown that other SWNT types, for 
example (16, 0) and (14, 4), can be produced in a chirality-selective man- 
ner when using WeCo; nanoparticles prepared under different conditions 
(Supplementary Figs 7 and 8). Our strategy was further proved valid using 
W-Fe and W-Ni bimetallic catalysts (Supplementary Figs 9 and 10). 
Our observations demonstrate that W-based alloy nanoparticles are 
effective catalysts for chirality-specific SWNT growth, and suggest that 


26 JUNE 2014 | VOL 510 | NATURE | 523 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


b (12, 6) 
3 
Ss 
2 
G 
= 
o 
= 
100 200 300 


Raman shift (em-') 


Figure 4 | Characterizations of SWNTs nucleated on catalyst nanoparticles. 
a, SEM image of an individual suspended SWNT (indicated by the arrow). 

b, c, Raman spectrum (b) and corresponding electron diffraction pattern 

(c) of this SWNT. d, HRTEM image of the area marked in a showing the axis of 
this SWNT perpendicular to the (00 12) fringes of W6Co7 nanoparticles. 

e, Corresponding fast Fourier transforms of this W.Co7 nanoparticle, spots 
corresponding to (00 12) planes are indicated using arrows. f, HRTEM image 
of a SWNT cap nucleated around the (00 12) plane of a W.Co, nanocrystal. 


their very high melting points and unique atomic arrangements are the 
two crucial factors enabling selective growth. We believe that the growth 
of SWNTs with chirality purity greater than 99% is possible with further 
careful manipulation of the composition, structure and size of the alloy 
catalyst nanoparticles and optimization of the CVD conditions. 


METHODS SUMMARY 


The molecular cluster Na,5[Na3C{Co(H20),4},{WO(H20)}3(P2W2048)3]*1H,O 
(ref. 26) was used as the catalyst precursor. The molecular clusters were deposited 
on silicon wafers, calcined in air and then reduced with H, through temperature- 
programmed reduction processes to obtain various catalysts. Then CVD growth of 
carbon nanotubes was performed at different temperatures with ethanol as the 
carbon feedstock. SEM, AFM and micro-Raman spectroscopy were used to char- 
acterize the as-grown samples. The chirality assignment was performed on the basis 
of Raman spectroscopy and electron diffraction patterns. The chirality distribution 
was determined by three methods. The as-grown sample was measured by counting 
the RBM peaks. Then SWNTs were dispersed in aqueous solution and the UV-Vis- 
NIR absorption was performed to determine the chirality composition. Then this 
aqueous dispersion of SWNTs was dropped onto a silicon wafer and the content of 
(12, 6) tubes was obtained by counting the total number of SWNTs using AFM and 
counting the number of (12, 6) tubes using Raman mapping”. The catalyst structure 
was characterized by X-ray absorption spectroscopy, XRD and HRTEM. The in situ 
HRTEM of the catalyst nanoparticles was performed at 1,100 °C in vacuum. The self- 
consistent density functional theory simulations were carried out using the Vienna 
Ab-initio Simulation Package. More details are described in the Supplementary 
Information. 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Varying levels of boreal summer insolation and associated Earth 
system feedbacks led to differing climate and ice-sheet states dur- 
ing late-Quaternary interglaciations. In particular, Marine Isotope 
Stage (MIS) 11 was an exceptionally long interglaciation and poten- 
tially had a global mean sea level 6 to 13 metres above the present 
level around 410,000 to 400,000 years ago'”, implying substantial mass 
loss from the Greenland ice sheet (GIS). There are, however, no model 
simulations and only limited proxy data** to constrain the magnitude 
of the GIS response to climate change during this ‘super intergla- 
cial’, thus confounding efforts to assess climate/ice-sheet threshold 
behaviour®”’ and associated sea-level rise’”. Here we show that the 
south GIS was drastically smaller during MIS 11 than it is now, with 
only a small residual ice dome over southernmost Greenland. We 
use the strontium-neodymium-lead isotopic composition of pro- 
glacial sediment discharged from south Greenland to constrain the 
provenance of terrigenous silt deposited on the Eirik Drift, a sedi- 
mentary deposit off the south Greenland margin. We identify a major 
reduction in sediment input derived from south Greenland’s Pre- 
cambrian bedrock terranes, probably reflecting the cessation of sub- 
glacial erosion and sediment transport’ as a result of near-complete 
deglaciation of south Greenland. Comparison with ice-sheet con- 
figurations from numerical models””"” suggests that the GIS lost 
about 4.5 to 6 metres of sea-level-equivalent volume during MIS 11. 
This is evidence for late-Quaternary GIS collapse after it crossed a 
climate/ice-sheet stability threshold that may have been no more than 
several degrees above pre-industrial temperatures®”. 

Little information is available on the magnitude of the retreat of the 
GIS or the Antarctic ice sheet (AIS) during MIS 11, thus hindering efforts 
to understand potentially nonlinear responses of Earth’s ice sheets to 
protracted warm intervals. AIS retreat could explain all of the proposed 
+6-13 m MIS 11 sea-level range’’. Alternatively, near-complete GIS 
deglaciation would account for the lower-end estimate of the sea-level 
highstand’*, with some AIS contribution required for a highstand greater 
than +7 m. Yet another possibility is that the GIS and AIS experienced 
minimal retreat during MIS 11, consistent with reconstructions suggest- 
ing that MIS 11 sea level may not have been appreciably different from 
today’. Thus, constraints on the MIS 11 response of the GIS can shed 
considerable light on uncertain palaeo-sea-level records, sparse palaeo- 
climate proxy data’ and the possibility that the modelled temperature 
threshold for GIS collapse®’ may have been exceeded during MIS 11. In 
the absence of direct geomorphic evidence for the magnitude of ice- 
sheet retreat during past interglaciations, we turn to geochemical proxy 
evidence to assess the south GIS response to MIS 11 climate change and, 
in turn, estimate the GIS contribution to MIS 11 sea level. 

Weuse the sedimentary record of Eirik Drift core MD99-2227 (Figs 1 
and 2) to infer GIS extent on south Greenland, where many models sug- 
gest interglacial ice-sheet mass loss will be most pronounced”"”. The 
Eirik Drift receives terrigenous sediment from subglacial erosion of south 


Greenland’s Precambrian bedrock (the Ketilidian Mobile Belt (KMB), 
Archaean Block (AB) and Nagssugtoqidian Mobile Belt (NMB)) and 
Palaeogene volcanics that outcrop in east Greenland and Iceland (Fig. 1). 
These sediments are transported to the core site in the Western Bound- 
ary Undercurrent’*"” (Fig. 1 and Methods), and magnetic and geo- 
chemical properties of Holocene Eirik Drift sediments document the 
close coupling between GIS subglacial erosion, sediment transport and 
terrigenous silt deposition at MD99-2227'°"*. Other potential sources 
of terrigenous silt at Eirik Drift, including northeast Greenland, Scot- 
land, Scandinavia and re-transported silt in Arctic sea ice, are likely to 
be negligible (Methods). 

We estimate the provenance of the carbonate-free detrital silt frac- 
tion in Eirik Drift sediments using Sr-Nd-Pb isotope ratios, which 
trace terrestrial silt sources because the unique isotope compositions 
of south Greenland’s bedrock terranes reflect their differing ages and 
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Figure 1 | Map of Greenland and other features mentioned in the text. 

a, Bedrock terrane boundaries (black dashed lines) and sampling sites for 
Greenland stream sediments (filled circles; multiple sites per symbol); 

KMB, Ketilidian Mobile Belt (grey); AB, Archaean Block (red); NMB, 
Nagssugtogqidian Mobile Belt (blue); PV, Palaeogene volcanics. Yellow squares 
mark locations of marine sediment core MD99-2227 and Dye-3 and Summit 
(GISP2, GRIP) ice cores. Dashed white lines denote modern deep-water 
circulation features that are thought to have been active during past 
interglaciations’**'; DSOW, Denmark Strait Overflow Water; WBUC, 
Western Boundary Undercurrent. The bathymetric contour interval is 500 m. 
b, Inset map. White polygons show the potential configuration of the 

MIS 11 Greenland ice sheet, which is similar to modelled ice limits representing 
~6 m of sea-level-equivalent mass loss’ (Methods). Yellow squares are 
ice-core sites shown in a. 
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Figure 2 | MD99-2227 records on depth scale. a, Full 5'°O Neogloboquadrina 
pachyderma (sinistral) record"; interglacial MISs are indicated. 

3'°O = 1,000 X [('0/"%0) sampte/('°O/!°O) yep - 1]; VPDB, Vienna PeeDee 
belemnite. b, Weight per cent silt and sand. Vertical yellow bars denote ice- 
rafted debris and turbidite layers’? that are not included in silt provenance 
estimates. c-e, Isotopic composition, with analytical uncertainty smaller 

than symbol size: °’Sr/**Sr (c); eng (d; Methods); ?°°Pb/?™Pb (e). 2°’ Pb/?™4Pb 
and 7°8pb/?™Pb follow a similar trend (Supplementary Table 1) and are not 
shown here. f, Median inferred silt provenance from isotope mixing model, 
expressed as percentage of total sediment. Provenance estimates do not sum 
to 100% because they do not include clay or sand size fractions. g, Estimated 
flux of CaCO3-free silt from south Greenland Precambrian terranes (upper 
and lower uncertainty estimates in Extended Data Fig. 2). 


tectonometamorphic histories'® (Methods and Extended Data Fig. 1). 
Silt from KMB sources is readily distinguished from the AB and NMB 
by higher 206 Db /?*Pb, 7°” Pb/**Pb and éng values (Methods). The AB 
and NMBare more similar isotopically, although AB silts tend towards 
higher 876+/°6Sr, and lower 7°’ Pb/?™*Pb and 7°8Pb/?*Pb, than do NMB 
silts. Silts derived from Palaeogene volcanic rocks have very low *’Sr/*°Sr 
and high éyg, compared with the three Precambrian terranes. 

The MD99-2227 5'*O stratigraphy indicates the presence of MIS 11 
sediments below ~3,950 cm core depth, and an age-depth model based 
on 8'*O and relative geomagnetic palaeointensity suggests that the base 
of MD99-2227 dates to late MIS 12'° (Fig. 2a and Methods). The 876r/°°Sr 
ratio decreases from ~0.717 to ~0.709 between depths of 4,240 and 
4,090 cm (Fig. 2c). The *’Sr/*°Sr ratio stays at or below ~0.709 until 
3,990 cm, where it increases to ~0.711 near the end of MIS 11. Though 
the énq data are more variable (Fig. 2d), with two excursions to low éna 
at 4,135 and ~3,975 cm, éngq follows a general increasing trend from 
—20.9 to —5.3 between 4,240 and 4,090 cm, followed by a return to lower 
énq at the end of MIS 11. The Pb isotope data mimic the énq trend 
through MIS 11 (Fig. 2e). 
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Because south Greenland Precambrian terranes have distinctly high 
876r/*°Sr and low énq the Sr and Nd isotope data are consistent with an 
overall reduction in silt derived from south Greenland’s Precambrian 
bedrock. Direct interpretation of the Pb data is complicated by anom- 
alous KMB Pb isotope compositions relative to the AB and NMB (Ex- 
tended Data Fig. 1). We use an isotope mixing model to estimate the 
proportion and flux of silt derived from each south Greenland terrane, 
based on the median solution from 10,000 model runs (Fig. 2f, g and 
Methods). The Palaeogene volcanic silt fraction of the total sediment 
increases from ~10% during late MIS 12 to 15-30% during MIS 11 
(Fig. 2f), which probably reflects intensification of the Western Bound- 
ary Undercurrent during interglaciations’**". Precambrian silt is initially 
10-15% of the total sediment during MIS 12, with an increase to 
~40% at 4,135 cm early in MIS 11 that is mainly driven by increases 
in the AB and NMB fractions. Precambrian silt decreases to 4-8% of 
the total sediment for the middle of MIS 11 (4,090-4,020 cm), and then 
increases again, to ~20% at 3,980 cm, with a subsequent return to ~5% 
at the end of MIS 11. Because inferred KMB contributions remain rel- 
atively constant during this interval, at <4% of total sediment, the de- 
crease in Precambrian silt sedimentation above 4,110 cm is driven mainly 
by changes in silt sourced from the AB and NMB terranes. 

Sediment flux estimates (Fig. 2g, Methods and Extended Data Fig. 2) 
corroborate the provenance interpretations based on the percentage of 
total sediment. Silt flux from south Greenland’s Precambrian bedrock 
is 1.7-3.5gcm “kyr ' during late MIS 12 and into MIS 11, but decreases 
by an order of magnitude to ~0.3 gcm 7 kyr * during MIS 11. Flux 
from the KMB during MIS 11 is low, but does not decrease as precipi- 
tously as flux from the AB or NMB, both of which decrease to a flux of 
less than ~0.1 gem *kyr '. 

Comparing our terrane provenance record with similar estimates for 
the last interglaciation (LIG; 128-116 kyr ago) and the Holocene epoch", 
we find that the Precambrian silt contribution at the end of MIS 12 is 
similar to sedimentation during the penultimate and last deglaciations 
(Fig. 3b, c). Precambrian silt early in MIS 11 is largely derived from the 
NMB and AB, and probably reflects increased ablation and attendant 
discharge of silt from the south GIS, similar to early LIG and Holocene 
silt pulses'®. The low in Precambrian silt during the MIS 11 5'°O mini- 
mum (Fig. 3a) is unprecedented with respect to these later interglacia- 
tions (Fig. 3b). The near-complete loss of NMB- and AB-derived silt 
drives this minimum, with individual terrane contributions decreasing 
to <1% of total sediment. For comparison, the minimum NMB + AB 
fraction is 10-15% of the total sediment during the Holocene and LIG 
(Fig. 3b). Although it is not appropriate to compare sediment flux dur- 
ing the Holocene and Termination I owing to stretching in the upper 
part of MD99-2227" (Methods), terrigenous silt flux from south Green- 
land’s Precambrian bedrock was over an order of magnitude higher in 
the LIG than during MIS 11 (Fig. 3c). 

One explanation for the near absence of NMB and AB silt during the 
MIS 11 8'°O minimum is that a change in ocean circulation reduced or 
stopped transport of NMB and AB sediment to Eirik Drift. However, 
the continued input of KMB and Palaeogene volcanic silt suggests that 
sediment transport pathways to Eirik Drift during MIS 11 were similar 
to other interglaciations’*’°”’. Alternatively, ablation, meltwater pro- 
duction and subglacial erosion are high during ice-sheet retreat®, but 
complete ice loss from a given terrane would lead to the cessation of sub- 
glacial erosion and meltwater transport of silt and, in turn, to decreased 
sediment flux to the ocean. We therefore interpret the near absence of 
NMB and AB silt during the MIS 11 8'*O minimum as indicating the 
loss of ice from these terranes. Deglaciated terranes may supply minor 
amounts of silt even during periods of minimal or absent GIS coverage, 
owing to paraglacial processes that entrain and transport glacial sedi- 
ment in recently deglaciated areas**”*. The relatively consistent MIS 11 
KMB silt flux may suggest persistent valley glaciers or local ice caps, or 
both, on that terrane, perhaps due to regionally high snow accumula- 
tion”. The NMB and AB silt increase at the end of MIS 11 implies south 
GIS regrowth, and an associated increase in subglacial erosion® and 
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Figure 3 | Terrigenous silt provenance estimates for MD99-2227 compared 
with other Eirik Drift indicators of GIS extent during the Holocene, LIG and 
MIS 11. Age model uncertainties preclude direct assessment of millennial- 
scale leads and lags for the LIG and MIS 11. a, Neogloboquadrina pachyderma 
(s) 5'80 from ODP Site 646 (ref. 4; green) and MD99-2227 (Methods; blue). 
b, c, MD99-2227 median inferred silt provenance estimated from isotope 
mixing model, expressed as percentage of total sediment (b) and flux of CaCO3- 
free silt (c). Holocene and LIG values are recast from Sr-Nd-Pb isotope 
composition in ref. 16. Holocene flux data are not presented owing to stretching 
in the upper 15 m of MD99-2227". d, ODP Site 646 pollen data’, showing 
Picea (dark green) and total (minus Pinus; light green) pollen concentrations. 
For general comparison only, we plot ODP Site 646 data on the MD99-2227 
age model, using magnetic susceptibility to correlate the two cores (Extended 
Data Fig. 4; Methods). e, Reconstructed mean temperature of the warmest 
month (MTWM) at Lake El’gygytgyn, Russia’. Upper and lower bounds 

of shaded interval denote maximum and minimum warmest-month 
reconstructed temperatures, respectively. 


glaciofluvial sediment transport'*”*”* on those terranes. Ablation would 


subsequently decrease as climate further cooled into the next glacial 
stage, leading to reduced subglacial erosion and meltwater discharge. 
This pattern is consistent with lower Greenland Precambrian silt sedi- 
mentation at the end of MIS 11, and is similar to trends at the end of 
the LIG’® (Fig. 3b, c). 

An Eirik Drift pollen record from Ocean Drilling Program (ODP) 
Site 646 (Fig. 1) shows the highest pollen concentrations of the past 
~1,000 kyr and abundant Picea (spruce) pollen during the 5'°O min- 
imum of MIS 11+ (Fig. 3d), but these data do not relate directly to GIS 
extent and volume. Sedimentary ancient DNA recovered from silty ice 
at the base of the Dye-3 ice core (Fig. 1) is evidence for ice-free, forested 
conditions at one location on south Greenland’, but age estimates for 
the DNA-bearing silty ice span ~400 kyr to >1,000 kyr and thus pre- 
clude direct assignment to MIS 11. We now show that south Greenland 
was nearly completely deglaciated during MIS 11, providing the ice-free 
conditions required for development of boreal forest**. In contrast, basal 
ice from Summit Station (Fig. 1) probably pre-dates ~400 kyr ago*”*, 
indicating survival of the central GIS during MIS 11. Similarly, contin- 
uous MIS 11 deposition of ice-rafted debris in the western Iceland Sea, 
following the Termination V peak in ice-rafted debris across the polar 
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North Atlantic, suggests the presence of marine-terminating ice on east- 
central and northeast Greenland during MIS 117°”. 

We compare these constraints on MIS 11 GIS extent (see, for example, 
Fig. 1b) with ice-sheet models that simulate GIS response to past and 
future climate warming, to qualitatively assess potential GIS contri- 
bution to MIS 11 sea level. Models with ice absence on the NMB and 
AB terranes simulate a GIS contribution to sea-level rise of >4.5m 
(refs 9-12), whereas the maximum modelled GIS retreat consistent with 
our interpretation of an ice-free AB and NMB and other geological 
constraints***” yields ~6 m of GIS sea-level contribution’. South GIS 
retreat could therefore account for all, or most, of the minimum esti- 
mated MIS 11 sea-level highstand of ~6 m (ref. 1) and is within the lo 
uncertainty envelope of the Red Sea sea-level record’, implying a rela- 
tively stable AIS. Alternatively, the upper end of MIS 11 sea-level esti- 
mates implies complete collapse of the West AIS and at least some 
mass loss from the East AIS’, in addition to 4.5-6 m of GIS sea-level 
contribution. 

Evidence for deglaciation of south Greenland consequently suggests 
that a climate/ice-stability threshold was crossed during MIS 11. Coupled 
climate/ice-sheet models simulate a threshold for complete GIS melt- 
ing of 1.7-2.0 °C of warming relative to the preindustrial late Holocene 
if positive dynamic feedbacks are considered®’. They also simulate a 
long GIS response time for temperature increases approaching the 
1.7-2.0 °C threshold. However, the GIS response is considerably more 
rapid under ~4 °C warming scenarios, with complete collapse in ~8 kyr. 
Unfortunately, available proxy records offer conflicting evidence for 
the Arctic palaeoclimate during MIS 11. The few existing temperature 
reconstructions from near central-south Greenland suggest that MIS 11 
climate was no warmer than peak early Holocene or LIG climate*”®. In 
contrast, Siberian pollen records” suggest 4-5 °C of summer warming 
relative to the early Holocene and LIG (Fig. 3e). Limited field evidence 
indicates that continuous permafrost may have thawed during MIS 11 
at a site in Siberia”’, although permafrost persisted locally through this 
interval in northern Canada”. In the Arctic Ocean, faunal records” imply 
that substantially warmer-than-present summer sea surface tempera- 
tures and seasonal—not perennial—sea-ice cover characterized MIS 11. 

Our results therefore prompt us to ask why south Greenland degla- 
ciated almost completely during MIS 11, when ice persisted through 
the LIG and the Holocene’®. Anomalous MIS 11 Arctic warmth’ and a 
seasonally ice-free ocean”’ could have pushed the GIS past an ice-stability 
threshold®’ that was not crossed during the LIG or early Holocene. 
Alternatively, protracted warmth during the long MIS 11 interglacia- 
tion may have allowed the GIS to respond fully to interglacial condi- 
tions that were similar to the early Holocene and LIG, with these later 
interglaciations being too short for comparable ice-sheet collapse. A 
more extensive network of Pleistocene climate and ice-extent records 
around Greenland is required to assess these alternative scenarios, which 
have important implications for predicting the long-term behaviour of 
the GIS in response to future climate change scenarios®’. In this context, 
our evidence for a late-Quaternary collapse of the south GIS provides an 
important example of geologically recent ice-sheet instability and retreat 
under climate conditions within the range of those anticipated by the 
end of this century. 


METHODS SUMMARY 


We supplemented an earlier compilation’® of Greenland stream sediment isotope 
geochemistry with an additional 31 samples of fine-grained glaciofluvial sediment 
collected from southwest Greenland (Extended Data Fig. 3). Chemical separation 
and isotopic analyses were conducted at the University of Wisconsin-Madison Radio- 
genic Isotope Laboratory. Subsamples of the 3-63 jim fraction of MIS 11 sediment 
from core MD99-2227 were twice leached with 0.1 M HCl to remove biogenic 
carbonate and authigenic Fe-Mn coatings. All samples were spiked with mixed 
Rb-Sr and rare-earth-element tracers, and then digested in Parr pressure vessels 
with hydrofluoric acid and HNO3. Pb, Rb-Sr and rare-earth-element separation 
was by sequential ion-exchange column chromatography. Isotope ratios were mea- 
sured ona VG Sector 54 thermal ionization mass spectrometer, with Rb, Sr, Nd and 
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Sm concentrations determined by isotope dilution. Procedural blanks were neg- 
ligible compared with sample size. 

The isotope mixing model has four terrane components (KMB, AB, NMB and 
Palaeogene volcanics) and five endmembers (O7Sr/°Sr, eng -°Pb/?™ Pb, *°’ Pb/?™* Pb 
and *°Spp/?™Pb). The model was run 10,000 times, with endmember composition 
and concentration randomly selected within the 16.5-83.5% quantile range of the 
stream sediment data sets for each terrane. Mixing model results are corrected for 
CaCO; content and presented as the median of all valid solutions returned by the 
10,000 model runs, with 67% and 95% confidence intervals based on the 83.5- 
16.5% and 97.5-2.5% quantiles of all valid solutions, respectively (Extended Data 
Fig. 2). 


Online Content Methods, along with any additional Extended Data display items 
and Source Data, are available in the online version of the paper; references unique 
to these sections appear only in the online paper. 
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Purkinje-cell plasticity and cerebellar motor 
learning are graded by complex-spike duration 


Yan Yang! & Stephen G. Lisberger!* 


Behavioural learning is mediated by cellular plasticity, such as changes 
in the strength of synapses at specific sites in neural circuits. The the- 
ory of cerebellar motor learning’ relies on movement errors signalled 
by climbing-fibre inputs to cause long-term depression of synapses 
from parallel fibres to Purkinje cells**. However, a recent review* has 
called into question the widely held view that the climbing-fibre input 
is an ‘all-or-none’ event. In anaesthetized animals, there is wide vari- 
ation in the duration of the complex spike (CS) caused in Purkinje cells 
by a climbing-fibre input’. Furthermore, the amount of plasticity in 
Purkinje cells is graded according to the duration of electrically con- 
trolled bursts in climbing fibres*’. The duration of bursts depends 
on the ‘state’ of the inferior olive and therefore may be correlated across 
climbing fibres*"°. Here we provide a potential functional context for 
these mechanisms during motor learning in behaving monkeys. The 
magnitudes of both plasticity and motor learning depend on the du- 
ration of the CS responses. Furthermore, the duration of CS responses 
seems to be a meaningful signal that is correlated across the Purkinje- 
cell population during motor learning. We suggest that during learn- 
ing, longer bursts in climbing fibres lead to longer-duration CS 
responses in Purkinje cells, more calcium entry into Purkinje cells, 
larger synaptic depression, and stronger learning. The same graded 
impact of instructive signals for plasticity and learning might occur 
throughout the nervous system. 

Werecorded the neural activity of single Purkinje cells in the floccular 
complex of the cerebellum in monkeys that had been trained to perform 
smooth-pursuit eye movements’””*. We chose to study the floccular com- 
plex because its output drives pursuit eye movements” as well as pursuit 
learning“ through a disynaptic pathway to extraocular motoneurons". 

During pursuit eye movements, floccular Purkinje cells show direction 
tuning in simple-spike firing, which is driven by mossy-fibre inputs to 
the cerebellum. To set the stage for learning experiments, we defined 
each neuron’s ‘on direction’ by the pursuit direction with the largest in- 
creases in simple-spike firing rate; pursuit in the opposite, or ‘off dir- 
ection’, was associated with decreases in simple-spike firing rate (Extended 
Data Fig. 1b, c). The CS responses driven by climbing-fibre inputs show 
direction tuning opposite to that for the simple-spike responses (Ex- 
tended Data Fig. 1). 

Motor learning occurred during a succession of ‘trials’. In each trial, 
monkeys tracked a target that first moved for 250 ms at 20 deg per sina 
‘pursuit’ direction orthogonal to the on-direction of the Purkinje cell 
under study (horizontal in Fig. 1b). Then, the target underwent an in- 
structive change in direction that added orthogonal target motion at 30 
deg per s for 400 ms. The ‘instruction’ was in either the on or off di- 
rection for the simple-spike response of the Purkinje cell under study 
(downward or upward in Fig. 1b). After the instruction ended, the target 
continued to move in the pursuit direction for 200 ms and then stopped. 

We used a ‘random-direction learning paradigm’” (Fig. 1a) to study 
neural correlates of motor learning on the time scale of single behavioural 
trials. Each eye-velocity response showed a small, transient, learned de- 
flection in the direction of the instruction on the prior trial (Fig. 1b, arrow- 
head on vertical-eye-velocity traces). The small upward deflection of 
vertical eye velocity in the nth trial (Fig. 1b, blue traces) was caused by 


the upward instruction on the prior, n — 1 trial (red traces). The small 
downward deflection at the same time on the n — 1 trial (red traces) was 
caused by the downward instruction on the n — 2 trial. We call these 
brief deflections ‘trial-over-trial’ behavioural learning. 
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Figure 1 | Design of the learning paradigm and variation of CS duration. 
a, Trajectories of target position during a random-order learning block. 

b, Trial-over-trial learning in an example pair of consecutive trials. From top to 
bottom, superimposed traces are horizontal and vertical eye velocity, and 
horizontal and vertical eye position. Red and blue traces show data for trials 
‘n— 1 and ‘n’. Colours of arrows in a refer to colours of traces in b. Dashed 
traces show target motion. The red zigzag between the position traces shows the 
trajectory of target position in two dimensions. The arrowhead on the vertical- 
eye-velocity trace indicates the learned response, and the light blue dashed line 
shows the time of the instruction. c, Times of occurrence of CS responses and 
the probability of CS responses in 100-ms bins. The grey shaded area shows the 
analysis window for CS responses to the instruction. d, Two example CS 
waveforms from an example Purkinje cell. e, Superimposed, statistically 
different distributions of CS duration during fixation versus learning for the 
example Purkinje cell (two-tailed t-test, P< 0.01). f, Distributions of mean CS 
duration for the short-, medium- and long-duration CS responses across the 
population of 34 Purkinje cells. g, Scatter plot shows average CS duration 
during fixation versus learning for all 34 Purkinje cells. The filled symbol 
indicates the example neuron in e. The dashed black line has a slope of one. 


1Department of Neurobiology, Duke University, Durham, North Carolina 27710, USA. ?Howard Hughes Medical Institute, Duke University, Durham, North Carolina 27710, USA. 


26 JUNE 2014 | VOL 510 | NATURE | 529 


©2014 Macmillan Publishers Limited. All rights reserved 


LETTER 


For each of 34 individual Purkinje cells with well-isolated CS wave- 
forms, we observed CS responses with a probability of 0.3 to 0.4 in the 
interval from 75 to 175 ms after an instruction (Fig. 1c), but a wide range 
in the total duration of the extracellular CS waveform (Fig. 1d) and 
in the number of spikelets’. We found a linear relationship between CS 
duration and the number of spikelets (Extended Data Fig. 2), and a 
strong correlation. We assume that the duration of the extracellular CS 
waveform is a valid probe for the duration of the depolarization in the 
Purkinje cell’s membrane potential*. Our results show an effect of CS 
duration on plasticity and therefore support this assumption, with the 
caveat that it is difficult to be sure of intracellular events from extra- 
cellular recordings. 

The duration of CS responses varied widely even in a given beha- 
vioural condition and differed between behavioural conditions, that is, 
fixation versus learning (Fig. le, g). To study the effects of CS duration, 
we divided the distribution for each neuron into thirds by trisecting it at 
the mean + 0.44 s.d.; we categorized the duration of the CS in instruction 
trials as ‘short’, ‘mediuny or ‘long’. The mean CS durations in the three 
groups were 6.59 ms, 8.12 ms and 9.84 ms across our sample of Pur- 
kinje cells (Fig. 1f). 

Our data analysis monitors plasticity linked to the CS responses dri- 
ven by natural sensory stimuli during behavioural learning. We broke the 
string of learning trials into pairs of ‘instruction’ and ‘test’ trials (Fig. 2a). 
We included only pairs with an instruction in the off direction for simple- 
spike firing in the first trial; instructions in the on direction seldom caused 
a CS response (Extended Data Fig. 1b). To demonstrate the trial-over- 
trial effects linked to the duration ofa CS response, we grouped the pairs 
of trials according to whether the duration of the CS in the instruction 
trial was short, medium, long or absent. Within each group, we then 
averaged the trial-over-trial change in firing rate between the instruc- 
tion and test trial. 

Simple-spike firing rate underwent trial-over-trial depression that was 
related to the presence'’"* and duration of the CS response in the instruc- 
tion trial (Fig. 2b). The trial-over-trial depression was largest after a long- 
duration CS (Fig. 2b, red trace), smallest after a short-duration CS (blue 
trace), and intermediate after a medium-duration CS (Fig. 2b, yellow 
trace). Trial-over-trial changes of simple-spike firing rate showed a small 
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Figure 2 | Effect of CS duration on trial-over-trial depression and learning. 
a, The schematic shows the sequence of instruction and test trials. The pursuit 
stimulus was the same in both trials, and the instruction provided an off- 
direction target motion. b, c, Plots show trial-over-trial changes in simple-spike 
firing rate (b) or eye velocity (c). Red, yellow, blue and black traces show 
data when the CS response to the instruction had a long, medium or short 
duration, or was absent. Shaded areas around the traces show standard errors 
of the mean of firing rate averaged across Purkinje cells. The vertical dashed 
line shows the time of the instruction; grey shading shows the analysis 
interval used for Fig. 3. N = 34 Purkinje cells. 
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Figure 3 | Quantitative analysis of the effects of CS duration for all 
individual Purkinje cells. a, b, CS-linked trial-over-trial change in simple- 
spike firing rate. c, d, CS-linked trial-over-trial learning in eye velocity. 
Different colours indicate the absence or duration of the CS responses to an off- 
direction instruction. In a and ¢, grey lines connect four symbols for each 
neuron; black symbols show means across the population. In b and d, CS- 
linked trial-over-trial changes are plotted as a function of the mean duration 
of the CS waveforms for each group. The continuous lines were obtained by 
linear regression. The horizontal dashed lines show the averages for the 
No-CS group. N = 34 Purkinje cells. 


potentiation that was not significantly different from zero (two-sided 
Wilcoxon signed-rank test, P > 0.05) if the off-direction instruction failed 
to evoke a CS response (Fig. 2b, black trace)'*’*. 

CS duration also affected the trial-over-trial learning in eye velocity 
(Fig. 2c). Learning was strongest if the CS duration was long, became 
progressively smaller when CS duration was medium or short, and was 
very weak in the absence of a CS response to the off-direction instruc- 
tion. In contrast, the duration of the post-CS pause in simple-spike firing 
rate did not affect the magnitudes of trial-over-trial depression in simple- 
spike firing rate or trial-over-trial learning in eye velocity (Extended 
Data Fig. 3). 

The data from all 34 Purkinje cells show a consistent trend of down- 
ward slopes as a function of whether the CS response is short, medium 
or long (Fig. 3a, c). For statistical analysis, we plotted the magnitude of 
the trial-over-trial effects in each neuron as a function of the mean of 
CS duration in that neuron’s short, medium and long groups (Fig. 3b, 
d). Regression analysis yielded negative slopes. The slope for firing rate 
was —0.70 spikes per s for each millisecond of CS duration (95% con- 
fidence limits on slope — 1.13 to — 0.27). The slope for eye velocity was 
—0.07 deg per s for each ms of CS duration (95% confidence limits on 
slope —0.11 to —0.04). 

We next evaluated the mechanisms for the effect of CS duration on 
trial-over-trial depression of simple-spike firing rate. We averaged ab- 
solute simple-spike firing rate as a function of time for different groups 
of trials (Fig. 4). The traces all start with an increase in firing rate of 10- 
15 spikes per s at about — 150 ms (Fig. 4a, arrow). This increase is related 
to the onset of eye velocity in the pursuit direction, which is orthogonal 
to the on direction; the response to pursuit in the on direction would have 
been much larger. The key interval for probing CS-linked trial-over-trial 
simple-spike depression is later, in the grey shaded area from 100 ms 
before to 50 ms after the onset of the instruction. CS responses would 
have occurred still later, after the end of the traces. 
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Figure 4 | Evidence that CS duration affects the magnitude of CS-linked 
plasticity. All graphs plot simple-spike firing rate as a function of time from the 
onset of the instruction. a, Test trials that followed instruction trials with CS 
responses of different durations. The diagonal arrow points out the increase in 
firing rate associated with the initiation of pursuit in the pursuit direction. 

b, Instruction trials with long, short or absent CS responses. ¢, Pairs of trials 
that have the same simple-spike firing rates in the instruction trials but differ in 
the presence versus absence of a CS response to the instruction. d, Pairs of 
trials that have the same simple-spike firing rates in the instruction trials but 
differ in the duration of the CS response to the instruction. The grey shaded 
areas show the intervals during which it is valid to evaluate the effects of 
plasticity. N = 34 Purkinje cells. 


Evidence for plasticity of simple-spike firing comes from the obser- 
vation that a long-duration CS on the instruction trials drove the simple- 
spike firing rate on the subsequent test trials below the baseline established 
by trials without a CS (Fig. 4a, red versus black traces). Short-duration 
CS responses also drove simple-spike firing rate below the baseline (Fig. 4a, 
blue versus black traces). Thus, trial-over-trial depression must represent 
an active change, and cannot be due simply to the loss of a slight en- 
hancement of simple-spike firing rate at the time of a CS response’®. 

The elevated simple-spike firing rate on instruction trials with a CS of 
long duration (Fig. 4b, red dashed trace versus blue or black) raises the 
possibility that the higher simple-spike firing rate on the instruction 
trial could be the causal agent that drives trial-over-trial depression of 
simple-spike firing rate'’. We rejected this possibility by comparing two 
groups of instruction-test pairs that had equal simple-spike firing rates, 
but differed in the presence, duration or absence of a CS in response to 
the instruction (Fig. 4c, d). Simple-spike firing rate showed trial-over- 
trial depression only if there was a CS on the instruction trial (Fig. 4c), 
and the magnitude of the depression depended on the duration of the 
CS (Fig. 4d). Simple-spike firing rate on the instruction trial controls 
neither CS duration nor plasticity. 

It is the context of the effects we demonstrate that is most noteworthy. 
We have been able to monitor cellular events that actually occur during 
learning. Our approach analyses the effect of natural variation in CS du- 
ration on trial-over-trial changes in simple-spike firing rate and beha- 
vioural performance. Of course, longer-duration CS responses should 
allow more calcium to enter a Purkinje cell and promote greater plasticity", 
as demonstrated by electrical stimulation in the inferior olive’. In the 
present study, we take the next step by showing that CS duration matters 
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for plasticity of simple-spike firing rate during motor learning driven 
by natural sensory stimuli. 

The effect of CS duration on trial-over-trial learning in eye velocity 
has important implications for the organization of motor learning in the 
cerebellum. Learned eye velocity is a measure of the combined plasticity 
of simple-spike firing rate of all Purkinje cells in the floccular complex. 
If CS duration and the magnitude of plasticity varied randomly across 
the population of Purkinje cells on a given trial, then the trial-over- 
trial change in eye velocity would not depend on CS duration. As learn- 
ing is much greater when the Purkinje cell under study has a long CS, 
CS duration seems to be coordinated across the population of Purkinje 
cells. 

Coordinated modulation of CS duration across the population of Pur- 
kinje cells could control the amount of learning induced by a given motor 
error. Descending influences on the inferior olive or local Purkinje-cell- 
membrane excitability could mediate the modulation. We lean towards 
modulation at the level of the inferior olive. The number of spikes in a 
climbing-fibre burst reads out the state of the inferior olive*", and is 
one determinant of CS duration®. Thus, intentional modulation of the 
state of the inferior olive could correlate the durations of bursts across 
a large group of climbing fibres. Modulation could arise either from the 
cerebral cortex, or from the cerebellum through neurons in the deep 
cerebellar nuclei that inhibit the inferior olive’’. 

Local modulation in the cerebellar cortex could affect CS duration by 
controlling the excitability of the Purkinje-cell membrane’. If modu- 
lation occurs locally, then correlations in CS duration across the popu- 
lation could arise through neuron-neuron correlations in simple-spike 
firing rate’, or through coordinated sensory inputs”’. We do not know 
whether simple-spike firing rate is a good index of Purkinje-cell mem- 
brane excitability in vivo. If it is, then our data argue against local con- 
trol of CS duration because CS duration grades simple-spike plasticity 
even when instruction trials are selected so that simple-spike firing rate 
is equated (Fig. 4d). 

Intentional modulation of CS duration could be important in cere- 
bellar function. Purkinje cell output may modulate the duration of its 
own CS inputs and restrict its own learning range'®***, limiting short- 
term learning in the cerebellar cortex, and enabling transfer of plasticity 
to the deep cerebellar nucleus”. Modulation of the amount of learning 
induced bya given instructive stimulus might facilitate cerebellar learn- 
ing under conditions that are particularly important to the organism 
(‘Coach’ is screaming at you during practice), and prevent learning 
when it would be counter-productive (in the middle ofa crucial play in 
a game). Indeed, we observed that learning occurs more quickly and the 
durations of CS responses are generally longer in the first 30 trials of a 
learning block when the same instruction occurs in 100 consecutive trials. 
Such a situation was suggested before on theoretical grounds”. 

The question of what happens in our brains while we learn is an- 
swered in the most detail for cerebellar motor learning. But the princi- 
ples of cerebellar learning almost certainly will apply to other learning 
systems. Perhaps long-term potentiation in the hippocampus can be 
graded by modulation from the cerebral cortex. In the cerebellum, the 
duration of the climbing fibre input is particularly accessible to top-down 
control, but the same effect could occur in other systems through inhibi- 
tion, for example. Thus, the details of motor learning in the cerebellum 
may lead to principles that apply in all learning systems in the brain. 


METHODS SUMMARY 


We performed experiments on two adult male rhesus monkeys using techniques 
that have been described in detail previously'''*'®. The data in this paper are drawn 
from a single data set that also provides the data for two other papers that cover 
different aspects of the results’®”. All procedures followed a protocol that had been 
approved in advance by the Institutional Animal Care and Use Committee at the 
University of California San Francisco (UCSF), where the experiments were per- 
formed. All procedures were in accordance with the US National Institutes of Health 
(NIH) Guild for the Care and Use of Laboratory Animals. 

Monkeys were prepared for recordings of eye movements and single neurons, 
and were trained to fixate and track targets that appeared on a video screen in front 
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of them. In each daily experiment, we isolated the extracellular potentials from an 
individual Purkinje cell in the floccular complex of the cerebellum, and recorded from 
that Purkinje cell during many repetitions of a few carefully chosen target motions. 
Data were recorded for analysis after the experiment. We used homemade software 
to identify each simple spike and CS through inspection of the records on a video 
screen. Measurements of CS duration were made with the experimenter blind to 
the context of the CS and to the eye velocity and simple-spike firing rate at the time. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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METHODS 


We performed experiments on two adult male rhesus monkeys using techniques that 
have been described in detail previously (refs 11, 12, 16). The data in this paper are 
drawn from a single data set that also provides the data for two other papers that cover 
different aspects of the results (refs 16 and 29). All procedures followed a protocol 
that had been approved in advance by the Institutional Animal Care and Use Com- 
mittee at the University of California San Francisco (UCSF), where the experiments 
were performed. All procedures were in accordance with the US National Institutes 
of Health (NIH) Guild for the Care and Use of Laboratory Animals. 

Weused sterile procedures under surgical levels of gas anaesthesia to perform sur- 
gery from which the animals recovered, to prepare each monkey for experiments. 
After each surgery, monkeys received several days of treatment with systemic anal- 
gesics. In the first two surgeries, we implanted a socket on the skull to allow restraint 
of the monkey’s head, and an eye coil on one eye to allow precise monitoring of eye 
position. Monkeys then were trained to fixate and track targets that appeared ona 
video screen in front of them. They received fluid rewards for accurate tracking, which 
involved keeping eye position within a small invisible rectangular window that moved 
with the target. Monkeys would normally work for ~2,000 rewards daily. After mon- 
keys were fully experienced in the behavioural tasks, we performed one more surgery 
to make a craniotomy and implant a sealable recording cylinder to allow access to 
the cerebellum with microelectrodes. 

An experiment consisted of discreet target motions presented in what we call ‘trials’. 
Each trial started when the monkey fixated a 0.3-deg white spot at the centre of the 
video screen. After the monkey had established stable fixation, the spot expanded 
to 0.5 deg, displaced by a few degrees to a new location and started to move at con- 
stant speed. It then underwent one or two more changes in direction and speed before 
stopping at an eccentric location. The details of the target motion were selected to 
match the preferred direction of the Purkinje cell under study, as well as the exact 
goals of each experiment (see full text of paper and Extended Data Fig. 1). 

In each daily experiment, we introduced a microelectrode into the floccular com- 
plex of the cerebellum, isolated the extracellular potentials from individual Purkinje 
cells, and recorded from that Purkinje cell during many repetitions of a few carefully 
chosen target motions. We took special care to obtain excellent isolation of the CS 
and simple-spike waveforms. Data were recorded for analysis after the experiment. 
After the experiment, we displayed the data from each behavioural trial on a video 
screen and used custom-made software to identify each simple spike and CS. We ob- 
tained records of simple-spike firing rate for individual trials with an inverse inter- 
spike-interval algorithm followed by smoothing with a Gaussian function (6 = 15 ms). 

Four techniques require extra explanation. First, we needed to select Purkinje 
cell recordings for analysis on the basis of how well the CS responses were isolated. 
It is a challenge to maintain excellent isolation of CS responses through ~400 trials 
ofa random-direction learning block. As a result, we were able to identify the CS re- 
sponses in 118 Purkinje cells, but we were able to measure the duration of the wave- 
forms throughout the recordings in only 34 Purkinje cells. The selection of Purkinje 
cells was performed on the basis of the CS waveforms alone, before we had attempted 
any analysis of an effect of CS duration. The subjective procedure we used to select 
the Purkinje cells for analysis was analogous to the subjective procedures used in all 
extracellular single-unit recordings from awake behaving animals. Before including 
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data in an analysis, it is always necessary to decide whether or not the isolation of 
unitary spikes is good enough to allow meaningful conclusions. 

Second, the veracity of our observations depends on the objectivity and accuracy 
of our measurements of CS duration. The measurements were made manually by 
one of the authors. As detailed in Extended Data Fig. 2, CS duration was measured 
from the beginning of the first deflection of the extracellular potential to the time of 
the return to baseline potential (Extended Data Fig. 2, downward arrows on each trace). 
The investigator who analysed the data was blind to whether the CS under measure- 
ment occurred during fixation or in response to an instruction. Also, all measure- 
ments of CS duration were made before a given neuron’s simple-spike firing rate 
and the associated eye velocities were analysed at all. The observer was blind to 
simple-spike firing rate and eye velocity in the current trial or the next trial. Thus, 
there was no chance of unconscious bias. To be safe, we also asked two laboratory 
members to measure CS duration for several representative Purkinje cells. Their mea- 
surements of CS duration agreed well statistically with those of the primary observer. 
Wealso note that random errors in measuring CS duration should dilute the effects 
we report here, and that shuffling the CS durations eliminated any effects of CS du- 
ration on trial-over-trial changes in simple-spike firing rate or trial-over-trial learn- 
ing in eye velocity. 

Our main data-analysis approach was to evaluate the trial-over-trial changes in 
either simple-spike firing rate or eye velocity between pairs of trials. In each pair, we 
considered the first trial to be the ‘instruction’ trial and the second trial to be the 
‘test’ trial. The time between the two trials was ~2.5 s. We selected only the pairs of 
trials with instructions on the first trial that were in the off direction for simple- 
spike firing of the Purkinje cell under study. We then divided the pairs into groups 
according to the presence, duration or absence of a CS response on the instruction 
trial. For each pair, we calculated the difference between the simple-spike firing rate 
(eye velocity) on the instruction trial and on the test trial for each millisecond from 
350 ms before to 50 ms after the time of the instruction. We then averaged across 
the trials in each group of pairs for each Purkinje cell to obtain estimates of the trial- 
over-trial change in the time varying simple-spike firing rate or eye velocity. For 
many of our analyses, we then averaged across 34 Purkinje cells as well. 

Finally, for the analysis in Fig. 4c, d, we needed to select pairs of trials. We did so 
to achieve the specific criterion of matching the simple-spike firing rates in groups 
of instruction trials that differed according to the duration or presence versus absence 
ofa CS response. To create the required match, we analysed each Purkinje cell sep- 
arately and used the full sample of pairs of trials with long CS duration. From the 
pairs of trials with no CS or short CS duration in the instruction trial in each neuron, 
we selected a subset according to the simple-spike firing rate in the instruction trial. 
We included pairs of trials from that group only if simple-spike firing rate in the 
instruction trial was within the range defined by the mean plus or minus one stan- 
dard deviation of the simple-spike firing rate in instruction trials with along CS du- 
ration. We then created averages of simple-spike firing rate in the instruction and 
test trials that met our selection criteria for each neuron, and averaged the results 
across Purkinje cells. This enabled us to assess whether CS presence and duration 
had effects that were independent of simple-spike firing rate on the instruction trial. 


30. Maiz, J. et al. Prolonging the postcomplex spike pause speeds eyeblink 
conditioning. Proc. Natl Acad. Sci. USA 109, 16726-16730 (2012). 
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Extended Data Figure 1 | Direction tuning of floccular Purkinje cells during 
pursuit eye movements. a, Arrows show directions of ramp target motions 
used to assess direction tuning. Red and blue arrows show the on and off 
directions for simple-spike firing in the example Purkinje cell. b, c, Simple-spike 
firing rate and CS probability as a function of time during pursuit of vertical 
target motion in the on direction for simple-spike firing (b, red traces) and 
the off direction for simple-spike firing (c, blue traces). The target-position 
traces show the step-ramp target motion, which used a small step in one 
direction to obviate the need for saccades during the initiation of pursuit in the 
direction of the target ramp. d, e, Full direction tuning analysis for the 
simple-spike firing rate (d) and CS probability (e). Each graph comprises eight 
peri-stimulus time histograms that start 200 ms before the onset of target 
motion and are positioned appropriately for the direction of target motion. 

A polar plot appears at the centre of each panel showing the direction tuning as 
a black line, and the baseline response during fixation as a grey circle. In this 
example and in all Purkinje cells in our sample, simple-spike firing rate and CS 
probability had opposite preferred directions. 
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Extended Data Figure 2 | Relationship between number of spikelets in a CS 
response and the duration of the extracellular potential. Each graph shows 
data for one of 16 Purkinje cells with CS responses that were isolated well 
enough to allow reliable counting of spikelets. Each symbol shows the 
measurements for a single CS response. The regression lines were obtained with 
a type-II regression analysis that gave equal weight to errors along the x and y 


axes. The duration of the CS response to a learning instruction did not vary as a 
function of tiny fluctuations in the magnitude of the instruction, caused by 
variation in the eye velocity at the time the instructive target motion occurred. 
The correlation coefficients for the individual graphs ranged from 0.71 to 
0.93 and averaged 0.83. The arrows indicate the time chosen as the end of 
each CS waveform. 
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Extended Data Figure 3 | Absence of relationship between duration of the 
post-CS pause in simple-spike firing rate and trial-over-trial depression 

or learning. a, An example CS waveform showing the measurement of the 
duration of the post-CS pause. b, Relationship between duration of pause and 
duration of CS. Each set of three grey symbols shows data from a single Purkinje 
cell. Black symbols show averages across the full sample. c, d, Trial-over-trial 
changes in simple-spike firing rate (c) and eye velocity (d). Red and blue traces 
show data for long versus short durations of post-CS pause. The light blue 
shaded area around the blue trace shows one standard error of the mean for 
the results with a short pause. Vertical dashed lines show the time of the 
instruction. We did not find any relationship between the magnitude of 


trial-over-trial depression of simple-spike firing or eye velocity and the 
duration of the post-CS pause in simple-spike responses. Thus, the post-CS 
pause might affect learning in the deep cerebellar nucleus*’, but does not 
seem to impact short-term learning in the cerebellar cortex. In terms of the 
methods, as before, we formed distributions of the duration of the post-CS 
pause for each Purkinje cell, trisected the distributions, and divided pairs of 
trials according to whether the post-CS pause in the instruction trial was long, 
medium or short (means: 42.6, 29.5 and 20.2 ms). The simple-spike activity 
was somewhat higher on trials with a short versus long post-CS pause 

(80.4 + 7.0 versus 73.6 + 6.9 s.e.m., two-tailed paired t-test, P< 0.01, n = 34). 
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Human oocytes reprogram adult somatic nuclei of a 
type 1 diabetic to diploid pluripotent stem cells 
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The transfer of somatic cell nuclei into oocytes can give rise to plu- 
ripotent stem cells that are consistently equivalent to embryonic stem 
cells’, holding promise for autologous cell replacement therapy*”. 
Although methods to induce pluripotent stem cells from somatic cells 
by transcription factors® are widely used in basic research, numerous 
differences between induced pluripotent stem cells and embryonic 
stem cells have been reported’""', potentially affecting their clinical 
use. Because of the therapeutic potential of diploid embryonic stem- 
cell lines derived from adult cells of diseased human subjects, we 
have systematically investigated the parameters affecting efficiency 
of blastocyst development and stem-cell derivation. Here we show 
that improvements to the oocyte activation protocol, including the 
use of both kinase and translation inhibitors, and cell culture in the 
presence of histone deacetylase inhibitors, promote development to 
the blastocyst stage. Developmental efficiency varied between oocyte 
donors, and was inversely related to the number of days of hormonal 
stimulation required for oocyte maturation, whereas the daily dose 
of gonadotropin or the total number of metaphase II oocytes retrieved 
did not affect developmental outcome. Because the use of concen- 
trated Sendai virus for cell fusion induced an increase in intracellu- 
lar calcium concentration, causing premature oocyte activation, we 
used diluted Sendai virus in calcium-free medium. Using this modi- 
fied nuclear transfer protocol, we derived diploid pluripotent stem- 
cell lines from somatic cells of a newborn and, for the first time, an 
adult, a female with type 1 diabetes. 

We have previously reported the derivation of pluripotent stem cells 
containing a reprogrammed genome derived from an adult somatic cell, 
and a haploid oocyte genome’. Development to the blastocyst stage 
only occurred in the presence of the oocyte genome; diploid nuclear 
transfer cells arrested development at the cleavage stages, failing to express 
embryonic genes. To improve developmental potential and transcrip- 
tional reprogramming in diploid nuclear transfer oocytes, we tested the 
effect of histone deacetylation (HDAC) inhibitors, as well as changes to 
the artificial activation protocol on developmental potential. These mod- 
ifications were based on the report that HDAC inhibitors improved devel- 
opment after somatic cell nuclear transfer in mouse oocytes”, and on 
our observation that parthenogenetic development was more efficient 
when oocytes were activated with the translation inhibitor puromycin" 
than when activated with the kinase inhibitor 6-dimethylaminopurine 
(6-DMAP)” (Extended Data Fig. 1). To minimize the effect of poten- 
tial variation in oocyte quality, for each condition we used oocytes from 
at least four donors (Fig. 1a). We first tested the use of puromycin for 
oocyte activation in somatic cell nuclear transfer without removing the 
oocyte genome, resulting in efficient development to the blastocyst stage 
(Fig. 1a). However, development of diploid nuclear transfer oocytes still 
arrested at cleavage stages (Fig. 1a). Only when we applied the HDAC 
inhibitor scriptaid during the first embryonic interphase, did we observe 


development to the morula and blastocyst stages at a low frequency 
(Fig. 1a). Further improvement in developmental potential was observed 
when both puromycin and 6-DMAP were combined during oocyte 
activation, resulting in development to expanded blastocysts (Fig. la, b 
and Extended Data Fig. 2a, b). Puromycin promotes oocyte activation 
by inhibiting translation of cyclin B'’*'®, whereas 6- DMAP inhibits the 
activity of meiotic kinases; their combined use may result in a more com- 
plete or more rapid inactivation of meiotic kinases. These results show 
that an improved activation protocol and the use ofan HDAC inhibitor 
enabled development of nuclear transfer cells to the blastocyst stage in 
the absence of the oocyte genome. 

Because development beyond the cleavage stage requires gene expression”, 
development to the morula and blastocyst stages indicates transcrip- 
tional activity of the transferred somatic cell genome. Whereas previous 
nuclear transfer protocols did not result in expression ofa green fluores- 
cent protein (GFP) transgene contained in the somatic cell genome”, 
58% (14 of 24) of the nuclear transfer cells treated with HDAC inhibitor 
were GFP positive (Fig. 1b), and had a global gene expression profile 
similar to in vitro fertilized (IVF) embryos (Fig. 1c), demonstrating that 
transcriptional reprogramming was extensive. Of the 7 nuclear transfer 
blastocysts obtained using optimized protocols, 3 formed an outgrowth 
(Extended Data Fig. 2c), but none gave rise to an embryonic stem (ES) 
cell line. 

More recently, it has become possible to derive diploid pluripotent 
stem-cell lines from fetal fibroblasts’*. The derivation of cell lines from 
an 8-month-old subject with Leigh syndrome was also stated, although 
no karyotype or evidence of pluripotency was provided. While the use 
of the HDAC inhibitor to obtain blastocyst development is consistent 
with our data and a previous report”, the authors also attributed suc- 
cessful derivation to the use of caffeine during oocyte enucleation to 
promote nuclear envelope breakdown and condensation of somatic 
chromatin, the use of a hormone stimulation protocol yielding a small 
number of high-quality oocytes, and to the use of an electrical pulse for 
oocyte activation. As it remained unclear whether diploid nuclear transfer 
ES cells could reliably be derived from postnatal somatic cells, we deter- 
mined the requirements for blastocyst development and ES cell deriva- 
tion using adult somatic cells of a type 1 diabetic female (age 32 years, 
age of onset 10 years) and human foreskin fibroblasts of a male new- 
born for nuclear transfer. 

We first determined whether oocyte enucleation interfered with the 
condensation of transferred somatic chromatin, a process correlating 
with developmental potential’. When we transferred somatic cell genomes 
at G1 or GO stages of the cell cycle into enucleated oocytes, 17 out of 
23 (74%) assembled a spindle within 1-4 h after transfer as determined 
by microtubule birefringence’ or immunostaining (Fig. 2a). Somatic 
chromosomes were condensed and phosphorylated on serine 28 of his- 
tone H3, but not aligned on a metaphase plate, because unreplicated 
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Figure 1 | Developmental potential of somatic cell nuclear transfer oocytes. 
a, Percentage of oocytes developing beyond the cleavage stage. The total 
number of oocytes and the number of oocyte donors (in parenthesis) 
contributing to a particular experiment is indicated above each column. ++, 
Caffeine was also added during oocyte transport. Statistical analysis was done 
using Chi-square test. b, Expression of a GFP transgene from the transferred 


chromosomes cannot form bipolar amphitelic attachments, as in a spin- 
dle of the MII oocyte (Fig. 2b). Although chromosome condensation did 
not occur in all oocytes receiving a somatic cell genome, this was not due 
to the enucleation procedure. Chromosome condensation and spindle 
assembly occurred with similar efficiency after transfer of a somatic cell 
genome into non-enucleated oocytes (10/13, 77%). Two non-enucleated 
oocytes that failed to assemble a spindle around somatic chromatin 
showed no phosphorylation of somatic histones (Fig. 2c), and segrega- 
tion of the oocyte genome with the formation of a midbody positive for 
borealin (Fig. 2d), a component of the chromosome passenger com- 
plex localizing to the midbody at anaphase”. 

Because a rise in intracellular calcium concentration is a potent indu- 
cer of anaphase in oocytes, we investigated the effect of Sendai virus used 
for somatic cell fusion on intracellular calcium levels. Intact oocytes and 
karyoplasts—the by-product of oocyte enucleation—were equilibrated 


Before 


Figure 2 | Chromosome condensation and spindle assembly after somatic 
cell nuclear transfer. a, Spindle assembly on a somatic G1/GO genome. Time 
indicates hours post transfer. p-H3, phosphorylated histone H3. b, Spindle of 
the human MII oocyte. c, Somatic nucleus transferred into the oocyte using 
undiluted Sendai virus. Note the lack of phosphorylated histone H3. d, Oocyte 
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with the calcium indicator dye Fluo-4 and exposed to Sendai virus. Within 
minutes, an increase of Fluo-4 fluorescence was observed (Fig. 2e-h 
and Extended Data Fig. 3). Fluorescence was calcium-dependent, as 
oocytes incubated in calcium-free media showed decreased fluorescence 
compared to oocytes incubated in calcium-rich media (Extended Data 
Fig. 3). These results show that the fusion of somatic cells using Sendai 
virus can increase calcium influx and compromise the integrity of mei- 
otic arrest. Therefore, nuclear transfer experiments from all but four 
oocyte donations were performed using Sendai virus diluted up to 20- 
fold. And in two donations, calcium was omitted from the medium 
used for nuclear transfer, as well as during incubation before oocyte 
activation. The absence of calcium in the medium was compatible with 
condensation of transferred somatic chromatin, resulting in efficient 
development to the blastocyst stage (Fig. 1a and Extended Data Fig. 4). 
Technical changes adapted from ref. 18, including an electrical pulse 


H2B-GFP 


genome in the same egg. Note the segregation of oocyte chromosomes. 

e-h, Fluorescence time course of the calcium indicator dye Fluo-4 in oocyte 
karyoplasts before and after incubation with fusogenic Sendai virus (less than 
20s). Time after exposure is indicated. Arrows point to sites of fusion. Scale bar, 
5 pm. 
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for oocyte activation and the use of caffeine during oocyte manipula- 
tion were most effective when combined with omitting calcium from 
the manipulation medium (Fig. 1a). 

For the derivation of nuclear transfer ES (NT-ES) cell lines, we added 
fetal bovine serum (FBS) to the embryo culture and derivation media’. 
FBS promoted the formation of an inner cell mass at the expense of 
trophectoderm cells. Of eight nuclear transfer blastocysts generated 
without the addition of FBS, two contained exclusively (60 or more) 
trophectoderm cells (Extended Data Fig. 5a), and none gave rise to an 
ES cell line. In the presence of FBS, even blastocysts with a small num- 
ber of cells formed a distinct inner cell mass (four out of four), with fewer 
than 20 trophectoderm cells (Extended Data Fig. 5a). Three out of four 
such blastocysts formed an outgrowth (Extended Data Fig. 5b) and devel- 
oped into three cell lines containing a diploid male karyotype derived 
from foreskin fibroblasts (Extended Data Fig. 6). A NT-ES cell line with 
a diploid female karyotype was also derived from an adult somatic cell 
ofa type 1 diabetic (Fig. 3a). All four cell lines expressed markers of plu- 
ripotency (Fig. 3b-d and Extended Data Fig. 6a—c), and lacked markers 
of the dermal fibroblasts (Fig. 3e). In an analysis of global gene expression 
patterns, NT-ES cells clustered closely with other human pluripotent 
stem cells, including ES cells from fertilized embryos and induced pluripo- 
tent stem (iPS) cells (Fig. 3f). In embryoid bodies and upon transplantation 
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into immunocompromised mice, all four NT-ES cell lines gave rise to 
cell types of three germ layers (Fig. 3g and Extended Data Fig. 7). When 
exposing them to a combination of cellular patterning factors (see Methods), 
we found efficient differentiation into neurons (Fig. 3h), pancreatic 
and duodenal homeobox-1 (PDX1)-positive cells (Fig. 3i), and insulin- 
positive cells (Fig. 3j) that were able to secrete insulin into the medium 
upon potassium stimulation (Fig. 3k). 

Although nuclear transfer blastocysts could be obtained with an effi- 
ciency of approximately 10%, developmental efficiency varied between 
different oocyte donors, even when other aspects of the nuclear transfer 
protocol were kept constant. To better understand the source of the var- 
iation in oocyte performance, we retrospectively assessed the effect of 
patient age and hormone stimulation protocol on developmental poten- 
tial after nuclear transfer (Extended Data Fig. 8, 154 oocytes obtained 
from 18 donors contained in the last four columns of Fig. 1a). In con- 
trast to a previous report’*, we found no association between the number 
of MII oocytes retrieved per donation and developmental competence 
(Extended Data Fig. 8b). In fact, the derivation of a NT-ES cell line 
from adult somatic cells was achieved using 9 oocytes selected ran- 
domly from a total of 31 MII oocytes obtained in a single donation. 
Oocytes from subjects age 21-26 years showed greater developmental 
potential compared to subjects age 27-32 years, consistent with data 


Figure 3 | Derivation of diploid NT-ES 

cells from adult somatic cells. 

a-c, g-k, Characterization of a NT-ES cell line 
derived from adult somatic cells of a female type 1 
diabetic (ID 1018). a, Karyotype. b, c, Expression of 
pluripotency markers. d, e, Microarray analysis 

of NT-ES cell lines NT-ES5, NT-ES6, NT-ES8 
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from clinical donor IVF cycles”’. We observed no significant effect of 
the method of pituitary downregulation as gonadotropin releasing 
hormone (GnRH) antagonist and GnRH agonist protocols resulted 
in development to the blastocyst stage. We also observed no significant 
effect of the daily dose of gonadotropin used for stimulation. However, 
there was a trend towards a negative effect of the total duration (days) 
of gonadotropin stimulation required to reach a follicular size of 18 mm 
(Extended Data Fig. 8b). Although prolonged stimulation has been sus- 
pected to be a negative predictor of IVF outcome, clinical pregnancy 
rates have not been shown to be affected’*. Thus, additional require- 
ments for somatic cell reprogramming may reveal subtle biological dif- 
ferences that are not readily apparent in clinical IVF. 

This retrospective analysis also revealed that one of the most rele- 
vant technical parameters for efficient blastocyst development was the 
use of diluted Sendai virus for fusion, whereas the use of FBS was most 
relevant for ES cell derivation (Extended Data Fig. 8c, d). Surprisingly, 
development to the blastocyst stage was equally efficient when either 
neonatal or adult fibroblasts were used for transfer. 

Our results show that technical improvements enable development 
to the blastocyst stage after transfer of adult somatic cells. These changes 
obviated the requirement for the oocyte genome, although development 
with the oocyte genome remained more efficient (Fig. 1a). One inter- 
pretation of the beneficial effect of the oocyte genome is that it com- 
pensates for incomplete reprogramming of somatic chromatin. Future 
studies should lead to a better understanding of the molecular mecha- 
nisms of how these technical improvements affect reprogramming and 
developmental outcome. 

In summary, we have demonstrated the derivation of human ES cells 
from neonatal and adult somatic cells by nuclear transfer. The stem cells 
are pluripotent and could be differentiated into insulin-producing beta 
cells, the cell type lost in patients with type 1 diabetes. These stem cells 
could therefore be used to generate cells for therapeutic cell replacement. 
Although it is now possible to induce stem-cell formation by overexpression 
of embryonic transcription factors’, these cells are often differentiation- 
defective’, contain aberrant patterns of cytosine methylation”’®”* and 
hydroxymethylation®, acquire somatic coding mutations”, and show 
biallelic expression of imprinted genes’’. Studies comparing nuclear 
transfer ES cells to iPS cells of isogenic origin should enable evaluation 
of the quality of cells generated by different methods of reprogramming. 


METHODS SUMMARY 


Nuclear transfer was performed using somatic cells grown to confluence and cul- 
tured in 0.5% serum for 2-5 days before transfer to induce cell cycle arrest in G1/ 
GO. Oocytes were enucleated either before or after transfer using microtubule 
birefringence” and somatic cells were fused to the oocyte using diluted Sendai virus, 
in calcium-free medium. Upon completion of the manipulation, oocytes were incu- 
bated for 45 min-1h in calcium-free MCZB, then placed in calcium-containing 
medium for 10 min before activation. Oocyte activation was performed using elec- 
trical pulses, followed by 4h incubation in medium containing 10 1g ml puro- 
mycin and 2 mM 6-DMAP as well as HDAC inhibitors scriptaid and nch51. HDAC 
inhibitor was retained for a total of 15 h during the first cell cycle. Culture to the 
blastocyst stage and ES cell derivation was performed containing 10%FBS tested 
for compatibility with growth of human ES cells. A detailed protocol for embryonic 
stem-cell derivation by somatic cell nuclear transfer into human oocytes is avail- 
able on the Nature Protocol Exchange website (http://dx.doi.org/10.1038/protex. 
2014.013)*8. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Epigenetic alterations, that is, disruption of DNA methylation and 
chromatin architecture, are now acknowledged as a universal feature 
of tumorigenesis’. Medulloblastoma, a clinically challenging, malig- 
nant childhood brain tumour, is no exception. Despite much progress 
from recent genomics studies, with recurrent changes identified in 
each of the four distinct tumour subgroups (WNT-pathway-activated, 
SHH-pathway-activated, and the less-well-characterized Group 3 and 
Group 4)“, many cases still lack an obvious genetic driver. Here we 
present whole-genome bisulphite-sequencing data from thirty-four 
human and five murine tumours plus eight human and three murine 
normal controls, augmented with matched whole-genome, RNA and 
chromatin immunoprecipitation sequencing data. This compre- 
hensive data set allowed us to decipher several features underlying 
the interplay between the genome, epigenome and transcriptome, 
and its effects on medulloblastoma pathophysiology. Most notable 
were highly prevalent regions of hypomethylation correlating with 
increased gene expression, extending tens of kilobases downstream 
of transcription start sites. Focal regions of low methylation linked 
to transcription-factor-binding sites shed light on differential tran- 
scriptional networks between subgroups, whereas increased meth- 
ylation due to re-normalization of repressed chromatin in DNA 
methylation valleys was positively correlated with gene expression. 
Large, partially methylated domains affecting up to one-third of the 
genome showed increased mutation rates and gene silencing in a 
subgroup-specific fashion. Epigenetic alterations also affected novel 
medulloblastoma candidate genes (for example, LIN28B), resulting 
in alternative promoter usage and/or differential messenger RNA/ 
microRNA expression. Analysis of mouse medulloblastoma and 
precursor-cell methylation demonstrated a somatic origin for many 
alterations. Our data provide insights into the epigenetic regulation 


of transcription and genome organization in medulloblastoma path- 
ogenesis, which are probably also of importance in a wider devel- 
opmental and disease context. 

Medulloblastoma is an embryonal tumour with few differentiation 
markers and minimal normal-cell infiltration, making it well suited to 
epigenomic studies (where heterogeneity can be confounding). Thirty- 
four tumour and eight control samples were selected from a larger meth- 
ylation array cohort for whole-genome bisulphite-sequencing analysis” 
(WGBS; average 28.5-fold average coverage and 91.4% of CpGs cov- 
ered =10X; Supplementary Tables 1, 2 and Methods). Individual CpG 
sites showed a predominantly bimodal methylation pattern (either fully 
unmethylated or fully methylated), linked to CpG density (Extended 
Data Fig. la-c). Non-CpG methylation was low in tumours, but higher 
in adult cerebellum (Extended Data Fig. 1d, e), as recently reported for 
other brain regions’. 

Matching gene expression data enabled a comprehensive assessment 
of correlation with DNA methylation (see Methods), revealing nega- 
tively and positively correlating regions (CRs). Very few negative CRs 
were in promoter-associated CpG islands (CGIs). Of 13,380 genes with 
a promoter CGI, 333 (2.5%) were significantly differentially methylated, 
and only 79 showed negative correlation with expression (Extended Data 
Fig. 2a and Supplementary Table 3a). The WNK2 tumour suppressor’, 
for example, was silenced by CGI hypermethylation in most WNT medul- 
loblastomas and some SHH and Group 3 samples (Extended Data Fig. 2b, c). 
Overall, medulloblastomas showed slightly higher CGI methylation than 
normal cerebellum, but without evidence for a CGI methylator pheno- 
type (Extended Data Fig. 2d). Thus, the classical notion of gene silenc- 
ing through promoter hypermethylation was not a prominent feature, 
and many differentially methylated promoters were at genes that were 
not expressed even in unmethylated samples. 
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Much more abundant were negative CRs extending several kilobases 
(kb) downstream of the promoter (promoter downstream (pd)CRs), 
affecting 1,194 genes (Supplementary Table 3b). Correlation density 
peaked at ~2 kb downstream of the transcription start site (TSS), with 
most pdCRs extending much farther (often tens of kilobases, and some- 
times greater than 50 kb; Fig. la—-c). For example, RUNX2, encoding a 
WNT-activated transcription factor®, showed a hypomethylated pdCR 
and high expression exclusively in WNT medulloblastomas (Fig. 1d, e). 
Overall, pdCRs were found in 8.4% of expressed genes, with many show- 
ing tumour-subgroup-specific differential methylation (Fig. 1f, Extended 
Data Fig. 3a, b and Supplementary Table 3b). Methylation and expres- 
sion levels of genes harbouring a pdCR clearly distinguished between 
the tumour subgroups (Fig. 1g). Almost 20% of genes specifically expressed 
by a subgroup contain a pdCR (636 out of 3,304), suggesting that this 
methylation pattern plays an important part in determining the distinct 
transcriptomes of molecular variants of medulloblastoma (Supplemen- 
tary Table 3b, c). 
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Figure 1 | Negative correlation between methylation and expression is 
enriched in extensive regions downstream of promoters. a, Density plot of 
CpGs negatively (neg.) correlating with gene expression with respect to 
distance from the TSS (n = 36 samples). b, c, pdCR length in kb (b) and as a 
proportion of gene length (c). d, Methylation plot for RUNX2 (n = 42), 
showing a large WNT-medulloblastoma hypomethylated pdCR extending 
~19 kb downstream of the promoter. Grey box, region of interest; red, 
methylated; blue, unmethylated. e, Correlation of expression and methylation 
for the RUNX2 pdCR in the extended validation cohort (n = 95). CBM, 
cerebellum; r, Pearson’s correlation coefficient. f, Overview of genes associated 
with a pdCR (correlated), those that are significantly differentially methylated 
(Diff. meth.) across medulloblastoma subgroups and controls, and those 

that are specifically differentially methylated in a given tumour subgroup. 

g, Heat-map representation of methylation (n = 42) and gene expression 

(n = 36) of subgroup-specific pdCRs. h, i, pdCR at PDLIM3 in human (n = 42) 
(h) and murine ( = 9) (i) SHH medulloblastoma, but not in matched GNPs, 
indicating a somatic origin. 
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Analysis of publicly available WGBS data from various tissues (Sup- 
plementary Table 2d) revealed pdCRs as a universal feature, more prom- 
inent in homogeneous cell populations (for example, sorted neuronal or 
haematopoietic lineages versus infiltrative tumours or whole organs). 
A similar pattern in CpG ‘shores’ and ‘shelves’ (up to 2 kb and 2-4 kb 
from CGIs, respectively) has been described in some tissues using array- 
based methods or small WGBS cohorts, and has been linked to tissue- 
specific expression patterns’ "’ and to the presence of H3K4me3 (ref. 12), 
an active chromatin mark. Chromatin immunoprecipitation followed 
by sequencing (ChIP-seq) in two medulloblastoma cell lines (D425 and 
MEB-MED-8A) confirmed an overlap of pdCRs and elevated H3K4me3 
(Extended Data Fig. 3c, d). Our results highlight the extent of pdCRs as 
an abundant, previously underappreciated pattern of correlation between 
methylation and expression. Possible explanations for this hypomethy- 
lation range from passive methylation loss during cell division at highly 
RNA-polymerase-occupied regions (inaccessible to DNA methyltrans- 
ferases), to a regulated process that actively marks genes for increased 
transcription. 

Wealso produced WGBS profiles for murine SHH medulloblastomas 
arising owing to inactivation of patched homologue 1 (Ptch1; Math1- 
creER!?:PtchE™' (ref. 13)) together with matched purified cerebellar 
granule neuron precursors (GNPs)—the precursor for SHH medullo- 
blastoma and therefore the optimal normal control. When comparing 
mouse tumours and precursor cells, 161 pdCRs larger than 2 kb were 
detected (Supplementary Table 3d). For example, Pdlim3 shows a clear 
pdCR and high expression in human and mouse SHH medulloblastoma, 
but not in GNPs (Fig. 1h, i, and Extended Data Fig. 3e, f). Other known 
SHH medulloblastoma genes, such as Ptch1, Cdk6 and Boc, showed a sim- 
ilar pattern. Thus, although some DNA methylation differences between 
the subgroups are probably linked to an epigenetic ‘fingerprint’ or ‘mem- 
ory’ of developmental lineages, alterations also arise somatically during 
tumour development. 
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Figure 2 | Differential methylation around LIN28B reveals a novel 
promoter, tightly correlated with expression in Group 3 and Group 4 
medulloblastomas. a, Methylation plot for the LIN28B promoter region 

(n = 42), with a novel TSS giving rise to an alternative transcript (LIN28B long). 
Arrows indicate bidirectional enhancer RNA transcription. Representative 
RNA-seq data are shown for samples methylated (Meth.) or unmethylated 
(Unmeth.) at the canonical promoter. Red, methylated; blue, unmethylated. 
CBM, cerebellum. b, Correlation of expression and methylation of an upstream 
CR at the novel TSS. r, Pearson’s correlation coefficient. c, Correlation of 
LIN28B and LET-7i (n = 59). d, Association of LIN28B expression with overall 
survival in Group 3 medulloblastoma (Kaplan-Meier analysis, P, log-rank test). 
See also Extended Data Fig. 5f. 
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We next sought to identify novel promoters regulated by pdCRs. RNA 
sequencing (RNA-seq) data for 43 medulloblastomas and 7 control sam- 
ples were assessed for splice junctions linking to unannotated 5’ exons 
(that is, novel first exons; see Methods). This revealed 2,479 exons not 
annotated in RefSeq in 1,937 genes (Supplementary Table 3e). Of these 
exons, 1,714 were listed in GENCODE, providing support for our method. 
Around 40% were upstream of the annotated 5’ end of the gene, with the 
remainder being internal. For example, C9orf3, hosting the miRNA cluster 
MIR-23b-27b-24-1 cluster, was associated with a novel gene-body start 
site that harboured a pdCR specifically in the WNT subgroup (Extended 
Data Fig. 4a). Upregulation of this microRNA (miRNA) cluster has previ- 
ously been noted in WNT medulloblastomas", and correlation with meth- 
ylation was observed in our miRNA data set (Extended Data Fig. 4b-e). 

To avoid confounding signals from canonical promoters, we focused 
on novel exons located >15 kb upstream of the previously annotated 
start site (the farthest being >500 kb upstream). Of 262 such exons, 49 
showed patterns indicative of a pdCR (Supplementary Table 3d). One 
notable example is the miRNA-processing gene LIN28B, which showed 
differential regulation at a novel alternative first exon in Group 3 and 
Group 4 medulloblastomas. A pdCR at this start site (representing a 
bidirectional promoter with LINC00577) is hypomethylated in almost 
all Group 3 and Group 4 medulloblastomas, with increased LIN28B 
expression, whereas the canonical promoter was mostly hypermethy- 
lated (Fig. 2a, b and Extended Data Fig. 5a—c). LIN28B regulates multiple 
oncogenic processes, in part by downregulating the tumour-suppressive 
LET-7 miRNA family’*. Group 3 and 4 medulloblastomas showed signi- 
ficantly lower expression of most LET-7 miRNAs compared with WNT 
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and SHH medulloblastomas (Fig. 2c and Extended Data Fig. 5d, e). High 
LIN28B expression has been linked with poor prognosis in neuroblastoma’’, 
and this also held true for Group 3 and 4 medulloblastomas (Fig. 2d 
and Extended Data Fig. 5f). 

Broader inspection of genome-wide methylation revealed megabase- 
scale partially methylated domains (PMDs)'*'”””, affecting up to one-third 
of the tumour genome (Fig. 3a, b and Extended Data Fig. 6a, b). These 
regions account for the decreased global methylation observed in WNT 
and Group 3 tumours (Extended Data Fig. 1c). Although PMDs have 
been noted as a prominent feature of tumour methylomes', with global 
hypomethylation common in cancer, the affected regions showed clear 
subgroup specificity in WNT and Group 3 medulloblastomas, and they 
were virtually absent in SHH and Group 4 tumours (Fig. 3b and Extended 
Data Fig. 6c-e). 

PMDs have been linked with inactive chromatin and large-scale gene 
silencing’”"*”°. Genes inside subgroup-specific PMDs were significantly 
less expressed than non-PMD genes in that subgroup (positive correla- 
tion with methylation; Supplementary Table 4a), even (to a lesser extent) 
in tumours without clear hypomethylation (Extended Data Fig. 7a, b). 
Intra-subgroup heterogeneity, however, suggested some divergence in 
PMD formation (for example, for calmin (CLMN) in Group 3; Extended 
Data Fig. 7c, d). ChIP-seq in D425 cells confirmed an association of 
PMDs with long, organized domains of repressive marks (H3K9me3, 
H3K27me3)’7-”’, and an absence of the active H3K36me3 mark (Fig. 3c, d 
and Extended Data Fig. 7e). Longer PMDs showed widespread H3K9me3 
bordered by H3K27me3, whereas shorter PMDs showed H3K27me3 
only (Fig. 3d). A significantly increased somatic mutation rate was observed 


Figure 3 | Megabase-scale silenced domains and 
smaller DMVs are associated with distinct 
histone marks and positive correlation with 
expression. a, Example of a region on 
chromosome 6 showing large, subgroup-specific 
PMDs (n = 42). Negative (Neg.) and positive (Pos.) 
CRs are indicated. Partial methylation on 
chromosome 6 in WNT medulloblastomas (4/5 
show monosomy 6) supports the notion that PMDs 
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in PMDs (Fig. 3e, f), consistent with increased mutagenesis in late- 
replicating heterochromatin”’. Mutant allele fractions indicated that 
most of this additional mutational burden is probably occurring early 
in tumorigenesis (data not shown). 

The subgroup specificity of PMDs implies a non-random heterochro- 
matization. Expression of tumour PMD-related genes was lower in normal 
cerebellum than non-PMD genes (Extended Data Fig. 7a, b), indicating 
pre-existing silencing in certain normal precursors. Variable hypomethy- 
lation within tumours, however, suggests a stochastic loss among different 
cell populations (Extended Data Fig. 6c, d). WGBS data of medulloblas- 
toma cell lines support a gradual acquisition model, as hypomethylation 
was much more pronounced in long-established lines (MEB-MED-8A, 
D425) compared with a recent model (HD-MB03; Extended Data Fig. 6a). 
Thus, PMDs probably arise progressively due to failed transmission of 
methylation in late replicating, repressive domains”, and are probably 
secondary to, rather than causative of, heterochromatin formation. 

More localized hypomethylated regions surrounding smaller genes, 
termed DNA methylation valleys (DMVs) or lowly methylated ‘can- 
yons’, have recently been reported as regulating tissue-specific gene 
expression”*™*. This pattern, associated with H3K27me3 and/or H3K4me3 
histone marks, is reminiscent of previously described, evolutionarily 
conserved polycomb-binding sites”. Our WGBS data revealed several 
hundred valleys per sample, with 1,754 unique DMVs overlapping a gene 
(Fig. 3g). Almost 20% (n = 309) encompassed an entire gene, and many 
were correlated with expression (Fig. 3h, Extended Data Fig. 8a—c and 
Supplementary Table 4b). As previously noted”, a large number of DMVs 
affect developmental transcription factors and neuronal lineage genes. 

Interestingly, 16.8% of DMVs showed a positive correlation between 
methylation and expression. These regions are reminiscent of PMDs, 
but are present in all tumours and controls, are much shorter, and have 
a higher CpG density (Supplementary Table 4c). One example is the 
region around FOXG1, a transcription factor linked with stem cell self- 
renewal in Group 3 and Group 4 medulloblastomas”’. This gene is 
hypomethylated and not expressed in normal cerebellum, whereas hyper- 
methylation of the DMV in Group 3 and Group 4 tumours is coupled 
with markedly increased expression (Fig. 3i, j). 

ChIP-seq data for DMVs in D425 cells that are also present in primary 
tumours and encompass an entire gene (1 = 129) revealed a notable pat- 
tern of either H3K4me3 (when the gene was expressed) or H3K27me3 
(no expression) marks, with few bivalent sites (Fig. 3k). The absence of 
DNA methylation in DMVs showing positive correlation between meth- 
ylation and expression may reflect a particularly dense heterochromatin 
that is inaccessible to the methylation machinery. Increased methylation 
is associated with gain of the active mark H3K4me3, loss of H3K27me3, 
and increased expression (for example, at the PITX2 locus; Extended 
Data Fig. 8d, e). Thus, reactivation may involve a ‘normalization’ of the 
chromatin state from densely packed heterochromatin to a more open 
conformation, with re-establishment of the DNA methylation pattern 
typical of other genomic regions. DMVs are generally thought to be hypo- 
methylated in normal tissues, and have been reported to contain CGIs that 
are particularly prone to silencing by hypermethylation in cancer*”””*. 
We demonstrate, however, that cancer-specific gain of DNA methyla- 
tion in DMVs is also linked to reactivation of repressed genes. This 
relationship is similar to that observed previously for a subset of PMDs 
in embryonic stem cells, which showed high levels of H3K27me3 and 
low methylation presumably linked with polycomb-mediated repres- 
sion. Decreased H3K27me3 and increased DNA methylation in several 
of these PMDs, indicating relieved repression, was noted in differen- 
tiated IMR90 fibroblasts’’. Both shorter PMDs and positively correlat- 
ing DMVs may therefore be linked to similar regulatory processes. 

Negatively correlating DMVs (n = 111) were also identified, with hypo- 
methylation and concomitant upregulation of expression (Supplementary 
Table 4d). One notable example was OTX2, a known medulloblastoma 
oncogene with roles in cell cycle regulation and differentiation”’. It is 
strongly hypomethylated and markedly overexpressed in WNT, Group 3 
and Group 4 tumours (Fig. 3], m). 
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OTX2 was also highlighted by an analysis of additional focal regions 
that did not fit into the categories described earlier, but clearly showed 
differential methylation. Localized lowly methylated regions (LMRs) 
have previously been linked with transcription-factor-binding sites 
and gene regulation’””’. To prove a functional link between LMRs and 
transcription-factor binding in medulloblastoma, we performed ChIP- 
seq for OTX2. As expected, ChIP-seq peaks were associated with hypo- 
methylation, which was strongest at the centre of the peak. The periodicity 
in flanking methylation levels matched the size of a nucleosome, sug- 
gesting that hypomethylation of transcription-factor-binding sites may 
spread to adjacent linker regions (Fig. 4a). Conversely, 75.9% of LMRs 
that contained an OTX2-binding motif, identified in a systematic ana- 
lysis, overlapped with an OTX2 ChIP-seq peak (Extended Data Fig. 9a). 

Approximately 70,000 LMRs were identified per sample, with >45,000 
unique regions showing subgroup-specific patterns (Supplementary 
Table 5a). Clustering revealed six groups: four with specificity for each 
medulloblastoma subgroup, plus one non-SHH/non-cerebellum and one 
non-Group 3/non-Group 4 cluster (Fig. 4b and Extended Data Fig. 9b). 


oO + 
Qa Qa 
5 £3 38 2 
ae = 4 
a Cue Oe nou b Custer >= GB G GO O Enriched motifs 
= WNT-spec. LEF1 CTTTATe. 
RUNX2 _afotaattscn 
a 
@ &  SHH-spec. NHLH1 csfhcTle 
g a N = GLI2—callalgen.. 
ee 2 F Group 3/4 
TD S a Group PAX6 rcalsloa Toe. 
8 os 29 Group 4- ZIC2 Citas 
a= 9 spec. 
5 gu EOMES xlfink. 
ist o~ 
x & — Group 3- NR2F6  .allTbbediTOh 
° B orx2 ATA. 
a LHX2 ota 
CBM TBRI1 i 
_ = — 
1.5 0 45 005 1 
(kb) 
c GLI2 motif OTX2 motif 
08 172 bp é 
5 ui 5 04 0.4 
ce} Q . .! 
8 os] oa Wa Le 3 
> € 
£ L oO 
oO 
£04 E 00 0.0 
® 3 
D e 
il 
5 0.2 2 
<x SL — Group 3 ~ — WNT, 
0.0 Ss 04 i Group 4 0.4 Group 3 and 4 
“1.5 0 15 1 14,183 1 14,183 
Distance to peak summit (kb) Genes ordered by fold change (highest to lowest) 
d p chr9:98,202,000-98,282,000 a 14 a 
CGls mu om |GLI2motifs1 1 I 
Neg. CRs te] 2 r] == =a 
WNT | eT TS | 3 Tr ae CT 1 
Seo ee es be 
Group 3 | A a | ee ee; | Se 
Group 4 a a a; | — a 
CBM | eA LS a | 
ES HH ttt #4-<—4 PTCH1 
e TRS chr13:63,496,000-63,576,000 
CGls min |GuU2 1 1 1 tuo 
Neg. CRs aS Ss [=z 
PTT = 4 =a 
sof AA | aM wr 
GNPs | eS a a Ce 
NU T!taTTawtiiir || | a a ¢ i i a 


HEE Het Fe tH + +1 Ptch1 


Figure 4 | Focal LMRs mark binding sites for key transcriptional regulators. 
a, Sites of OTX2 binding as defined by ChIP-seq in the D425 cell line are 
marked by hypomethylation and possess an OTX2-binding motif. Methylation 
(meth.) around the peak summit reveals a nucleosome periodicity. Red, 
methylated; blue, unmethylated. b, Heat-map representation of subgroup- 
specific (spec.) LMRs (+1.5 kb around centre) grouped according to k-means 
clustering. Motif analysis on these LMR clusters revealed enrichment for 
several key transcription factors, with representative examples shown (see 
Supplementary Table 5b). CBM, cerebellum. c, Examples of downstream 
regulation of gene expression. Binding motifs for the identified transcription 
factors are strongly enriched in the LMRs of the most highly overexpressed 
genes in the respective subgroup. ***P < 0.001 (motif enrichment score, see 
Methods). d, e, Example of upstream LMRs at the PTCH1/Ptch1 locus in 
human/murine medulloblastomas with GLI2-binding sites. The same sites 
are not hypomethylated in mouse GNPs, indicating a somatic origin. There is 
also a pdCR at this site in both mouse (n = 9) and human (n = 41; sample 
ICGC_MB1, with homozygous PTCH1 deletion, is not shown). Asterisk 
indicates deletion of Ptch1 exon 3 (flanked by LoxP sites in the PtchI" model). 
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In a systematic analysis, each cluster showed enrichment for certain 
transcription-factor-binding motifs, implicating known medulloblastoma- 
related genes and new candidates (for example, NR2F6 in Group 3 medul- 
loblastoma; Supplementary Table 5b). To test whether the transcription 
factors highlighted by LMR clustering might regulate downstream net- 
works, we also looked at LMRs associated with the most highly expressed. 
genes within the subgroups. Many transcription-factor-binding motifs 
identified in a particular LMR cluster were also highly enriched in these 
genes, demonstrating a key role for these transcription factors in deter- 
mining subgroup identity (Fig. 4c and Supplementary Table 5b). 

Analysis of differentially methylated LMRs therefore represents a 
powerful tool to provide a global, unbiased assessment of the key tran- 
scription factor regulatory networks acting in different tissues. 

Analysis of our own and public mouse WGBS data again supported 
a somatic origin for many LMRs. PTCH1/Ptch1, for example, harboured 
several upstream LMRs with GLI2-binding sites in human and mouse 
SHH medulloblastoma that were not seen in normal cerebellum or GNPs 
(Fig. 4d, e and Extended Data Fig. 10). The GLI2-binding motif was 
enriched in mouse-tumour-specific LMRs, in keeping with the human 
data (Extended Data Fig. 9c and Supplementary Table 5c). 

Our integrative analysis has uncovered a wealth of alterations in the 
methylome landscape of medulloblastoma. The regulatory effect of such 
epigenetic alterations in modulating the cancer phenotype allows for 
gradual global changes during tumour evolution, and their interplay 
with single time-point events such as genetic mutations will be an impor- 
tant future avenue of investigation. New targets that may be important 
for the pathophysiology of these tumours and for therapeutic interven- 
tion were also identified. These data, and the analysis methods applied, 
represent a valuable resource for further investigation into epigenetic 
regulatory mechanisms in cancer biology and in a wider context of other 
disease processes and organismal development. 


METHODS SUMMARY 


All patients contributing material to this study provided informed consent. Tumour 
samples were collected before adjuvant chemo- or radiotherapy. Control cerebel- 
lum samples were from a commercial supplier (BioChain). Cohort details are given 
in Supplementary Table 1. Tumour subgrouping was based on DNA methylation 
profiling, as previously described’. Genome-wide methylome profiles were derived 
by whole-genome bisulphite sequencing, as described in Methods. Sequencing 
metrics are given in Supplementary Table 2. CRs were derived by merging over- 
lapping 5-CpG windows that showed correlation between DNA methylation and 
gene expression. Differential methylation and expression were assessed using ana- 
lysis of variance and post-hoc testing. Further details are provided in Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Metformin suppresses gluconeogenesis by inhibiting 
mitochondrial glycerophosphate dehydrogenase 


Anila K. Madiraju’?%, Derek M. Erion’”*, Yasmeen Rahimi!, Xian-Man Zhang", Demetrios T. Braddock*, Ronald A. Albright*, 
Brett J. Prigaro”, John L. Wood®, Sanjay Bhanot’, Michael J. MacDonald®, Michael J. Jurezak', Joao-Paulo Camporez!, 
Hui-Young Lee’, Gary W. Cline’, Varman T. Samuel’, Richard G. Kibbey>? & Gerald I. Shulman)??? 


Metformin is considered to be one of the most effective therapeutics 
for treating type 2 diabetes because it specifically reduces hepatic glu- 
coneogenesis without increasing insulin secretion, inducing weight 
gain or posing a risk of hypoglycaemia’. For over half a century, this 
agent has been prescribed to patients with type 2 diabetes worldwide, 
yet the underlying mechanism by which metformin inhibits hepatic 
gluconeogenesis remains unknown. Here we show that metformin 
non-competitively inhibits the redox shuttle enzyme mitochondrial 
glycerophosphate dehydrogenase, resulting in an altered hepatocel- 
lular redox state, reduced conversion of lactate and glycerol to glucose, 
and decreased hepatic gluconeogenesis. Acute and chronic low-dose 
metformin treatment effectively reduced endogenous glucose pro- 
duction, while increasing cytosolic redox and decreasing mitochon- 
drial redox states. Antisense oligonucleotide knockdown of hepatic 
mitochondrial glycerophosphate dehydrogenase in rats resulted in 
a phenotype akin to chronic metformin treatment, and abrogated 
metformin-mediated increases in cytosolic redox state, decreases in 
plasma glucose concentrations, and inhibition of endogenous glucose 
production. These findings were replicated in whole-body mitochon- 
drial glycerophosphate dehydrogenase knockout mice. These results 
have significant implications for understanding the mechanism of 
metformin’s blood glucose lowering effects and provide a new ther- 
apeutic target for type 2 diabetes. 

Initial investigations into metformin action found that this compound 
is a complex I inhibitor at millimolar concentrations**. More recent stud- 
ies suggested that metformin activates AMP-activated protein kinase 
(AMPK) through decreases in hepatic energy charge (increasing [AMP]: 
[ADP] and/or [ADP]:[ATP] concentration ratios)** or through the up- 
stream AMPK kinase, LKB1, leading to reduction of gluconeogenic 
gene transcription®*. This effect may, however, be due to sensitization 
of gluconeogenic transcription to insulin through AMPK-mediated 
decreases in hepatic lipid content". 

In contrast to these findings, it has been suggested that metformin 
suppresses gluconeogenesis independently of AMPK, instead altering 
hepatic energy charge" and inducing allosteric inhibition of glycolytic 
enzymes or adenylate cyclase and glucagon-activated gluconeogenic 
transcription’*. However, these hypotheses are inconsistent with find- 
ings that metformin does not alter hepatic adenine-nucleotide levels’’. 

Given these conflicting results, it is evident that the mechanisms by 
which guanide/biguanides exert their therapeutic effects remain to be 
explained. Variability in data on metformin action may arise because of 
differences in the dose of metformin administered in vivo ranging from 
50 to 500 mg kg” *, as well as observation of chronic versus acute responses 
to the drug. 

In tracing the development of this drug class to the rapid-acting parent 
compound galegine (a mono-guanide), we considered that the acute 
glucose lowering effects reported might provide a model in which to 


investigate potential targets of action of the entire class. Within 20 min 
of intravenous infusion of galegine, plasma glucose and insulin concen- 
trations decreased (Extended Data Fig. 1a, b), and plasma lactate con- 
centrations increased eightfold (Extended Data Fig. 1c), independently 
of any changes in hepatic gluconeogenic gene expression (Extended Data 
Fig. 1d). Galegine also increased total AMPK«2 activity (Extended Data 
Fig. le). However, intravenous administration of the AMPK activator 
A-769662 failed to decrease plasma glucose concentrations or endoge- 
nous glucose production (EGP) (Extended Data Fig. 1f, g) despite com- 
parable increases in AMPK activity 20 min after infusion (Extended Data 
Fig. 1h). Thus although guanide/biguanide treatment may activate AMPK, 
acute AMPK activation is not sufficient to reduce EGP. 

In considering other mechanisms for metformin action, we were struck 
by the consistent observation of a marked increase in plasma lactate con- 
centrations in guanide/biguanide-treated animals. This increase could not 
be attributed to reduced activity of enzymes regulating pyruvate metab- 
olism (Extended Data Fig. 2a), as metformin, galegine and phenformin 
had no effect on pyruvate carboxylase, citrate synthase and alanine ami- 
notransferase activity (Extended Data Fig. 2b-d). We developed the 
alternative hypothesis that the striking increase in plasma lactate con- 
centrations may be due to metformin-induced increases in the cyto- 
solic redox state, known to manifest as an increased [lactate]:[pyruvate] 
ratio'*"'*. To verify this possibility we assessed the acute effects of met- 
formin on fasting plasma glucose concentrations and rates of EGP at 
doses that are in the range used to treat patients with type 2 diabetes 
(20mgkg ‘and50mgkg ') inawake rats. As early as 30 min after admin- 
istration, there was a marked reduction in fasting plasma glucose con- 
centrations (Fig. 1a) and inhibition of EGP (Fig. 1b and Extended Data 
Fig. 3a). We measured the [lactate]:[pyruvate] and [B-hydroxybutyr- 
ate]:[acetoacetate] ratios as surrogates of the cytosolic and mitochon- 
drial redox states, respectively’*"'*, and found that metformin elicited 
a significant increase in the cytosolic redox state and decrease in the mito- 
chondrial redox state in both plasma and liver (Fig. 1c-fand Extended 
Data Fig. 3b, c). Consistent with these findings, metformin treatment 
increased the liver [GSH]:[GSSG] ratio, reflecting an increase in the 
cytosolic redox state (Extended Data Fig. 3d). These data support a mech- 
anism for metformin’s rapid effect on hepatic glucose production through 
alteration of the redox state. We also observed a trend towards increased 
plasma glycerol concentrations, suggesting inhibition of glycerol con- 
version to glucose (Fig. 1g). In contrast, acute metformin treatment did 
not affect cellular energy charge ([ATP]:[ADP], [ATP]:[AMP], [NADH]: 
[NAD*], [NADPH]:[NADP*” ] (Extended Data Fig. 3e—h), or liver [CAMP] 
(Extended Data Fig. 3i). The lack of observed differences in [NADH]: 
[NAD*] and [NADPH]:[NADP* ] ratios, despite significant metformin- 
induced alterations in the cytoplasmic and mitochondrial redox state, 
can most probably be attributed to the [NADH]:[NAD“] ratio mov- 
ing in opposite directions in these two compartments such that total 
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Figure 1 | Effects of acute metformin (50 mg kg‘, intravenously) treatment 
in Sprague-Dawley rats on plasma glucose, EGP and hepatic redox state. 
a, b, Metformin acutely reduced (a) fasting plasma glucose and (b) EGP. These 
changes were associated with (c) increased plasma [lactate]:[pyruvate] 
([Jac]:[pyr]) and (d) decreased plasma [B-hydroxybutyrate]:[acetoacetate] 
([B-HB]:[AcAc]). e, Increased hepatic cytosolic redox state, (f) decreased liver 
mitochondrial redox state and (g) a tendency to increased plasma glycerol were 
observed. Data set shown is representative of three experiments. Data are 
mean = s.e.m. ((a) saline n = 3, metformin n = 4; (b-d, g) n = 4; (e, f) n = 6; 
biological replicates; experiment replicated three times). *P < 0.05, **P < 0.01, 
** P< 0.001 by unpaired t-test. 


[NADH]:[NAD*] may remain the same. Finally, no differences in protein 
expression of the key gluconeogenic enzymes cytosolic phosphoenolpyr- 
uvate carboxykinase (PEPCK-C) and pyruvate carboxylase were observed 
(Extended Data Fig. 3j-1). There was no significant AMPK activation, as 
determined by relative levels of phosphorylated AMPK to total AMPK, 
and no change in the phosphorylation of the downstream target of AMPK, 
acetyl-coenzyme A carboxylase (ACC), although cyclic AMP response 
element binding protein (CREB) activation was observed as determined 
by the ratio of phosphorylated CREB to total CREB (Extended Data 
Fig. 3j, m-o). 

Similar to acute metformin treatment, chronic metformin treatment 
lowered fasting plasma glucose concentrations and EGP (Fig. 2a, b). These 
changes were also associated with an increase in the plasma and cytosolic 
redox state and a decrease in the mitochondrial redox state (Fig. 2c-f 
and Extended Data Fig. 4a). Plasma glycerol concentrations were also 
higher in these animals (Fig. 2g). Similar to what was observed with acute 
metformin treatment, chronic metformin treatment did not alter hepa- 
tocellular energy charge (Extended Data Fig. 4b-e), and there was only a 
slight reduction in liver [cAMP] (Extended Data Fig. 4f). Protein expres- 
sion of PEPCK-C and pyruvate carboxylase were also unchanged; however, 
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Figure 2 | Effects of chronic metformin (50 mg kg", intraperitoneally 

per day x 30 days) treatment in Sprague-Dawley rats on plasma glucose, 
EGP and hepatic redox state. a, b, Chronic metformin treatment reduced (a) 
fasting plasma glucose and (b) EGP. These changes were associated with 

(c) increased plasma [lactate]:[pyruvate], and (d) decreased plasma 
[B-hydroxybutyrate]:[acetoacetate]. Chronic metformin treatment (e) elevated 
hepatic cytosolic redox state, (f) decreased liver mitochondrial redox state 
and (g) increased plasma glycerol. Data are mean + s.e.m. ((a) n = 5; 

(b, d-g) saline n = 6, metformin n = 4; (c) n = 4; biological replicates). 

*P < 0.05, **P < 0.01, ***P < 0.001 by unpaired t-test. 


AMPK was activated, ACC phosphorylation was increased and CREB 
activation was decreased (Extended Data Fig. 4g-l). 

Given that acute and chronic metformin treatment increased the cyto- 
plasmic redox state and decreased the mitochondrial redox state, we 
next considered that metformin may block one of the two main redox 
shuttle systems, the malate—aspartate and glycerophosphate shuttles'”°. 
Guanides/biguanides had no effect on total malate—aspartate shuttle activ- 
ity or on malate dehydrogenase and aspartate aminotransferase activ- 
ities (Extended Data Fig. 2e-g). 

We next examined the effect of metformin on the glycerophosphate 
shuttle”! (Extended Data Fig. 5a). Guanides/biguanides did not alter the 
activity of purified, recombinant cytosolic glycerophosphate dehydroge- 
nase (cGPD) (Extended Data Fig. 5b). In contrast, all guanides/biguanides 
inhibited mitochondrial GPD (mGPD) activity by 30-50% in rat mitochon- 
drial lysates (Fig. 3a). These findings are supported by our data showing 
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Figure 3 | Guanides/biguanides non- 
competitively inhibit rat and human mGPD 
activity. a, Guanides/biguanides inhibit rat mGPD 
activity by 30-50% in rat mitochondrial lysate. 
Data shown are the average of three experiments. 
b, Metformin (50 1M) inhibited mitochondrial 
respiration from glycerol-3-phosphate (G-3-P). 
Pyr, pyruvate; Glu, glutamate; Mal, malate. 

c, Metformin inhibited recombinant human 
mGPD non-competitively as determined by 
Michaelis-Menten and Eadie—Hofstee plots of the 
kinetic data. Data shown are representative of two 
experiments. Data are mean + s.e.m. (n= 5 
technical replicates for mGPD activity in lysate, 
experiment replicated three times; non-treated 
n= 12, metformin n = 12 technical replicates for 
oxygen consumption, experiment replicated 
twice). *P < 0.05, **P < 0.01, ***P < 0.001 by 
unpaired f-test. 
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that metformin significantly inhibited mitochondrial respiration from 
glycerol-3-phosphate (Fig. 3b). 

Given the impact of metformin on the cytosolic/mitochondrial redox 
state, we next examined whether we could influence the effectiveness of 
metformin by changing the cytosolic redox state by altering the extra- 
cellular [lactate]:[pyruvate] ratio**”*. Consistent with this hypothesis we 
found that at lower [lactate]:[pyruvate], metformin and mGPD short 
interfering RNA (siRNA) treatment to knockdown expression of mGpd 
no longer significantly reduced glucose production from primary rat 
hepatocytes (Extended Data Fig. 6a). This finding suggests that an aug- 
mented cytosolic redox state is central to metformin-mediated reduc- 
tion in hepatic gluconeogenesis. 

Inhibition of mGPD would prevent glycerol from contributing to 
gluconeogenic flux, as glycerol must be phosphorylated by glycerol kinase 
to glycerol-3-phosphate and converted to dihydroyacetone phosphate 
by mGPD to contribute to glucose production. Furthermore, inhibition 
of mGPD would halt the glycerophosphate shuttle and lead to accu- 
mulation of cytosolic NADH, which is unfavourable for conversion of 
lactate to pyruvate by lactate dehydrogenase (LDH). Consistent with 
this hypothesis, glucose production in hepatocytes from both lactate 
and glycerol was inhibited by metformin and mGpd knockdown. In 
contrast, metformin and mGpd knockdown had no effect on gluconeo- 
genesis from dihydroxyacetone, alanine and pyruvate, substrates that enter 
gluconeogenesis without augmenting the cytosolic [NADH]:[NAD*] 
ratio (Extended Data Fig. 6b, c). We also observed an increase in glycerol- 
3-phosphate concentrations in primary hepatocytes after metformin 
treatment and mGpd knockdown by siRNA, and specifically in liver after 
acute metformin treatment in vivo (Extended Data Fig. 6d, e), consistent 
with metformin inhibition of mGPD activity. These data indicate that 
both acute and chronic metformin treatment inhibit mGPD, limiting 
lactate and glycerol contributions to hepatic gluconeogenesis. 

To examine whether mGPD is the molecular target for metformin 
in vivo, we treated rats with antisense oligonucleotides (ASOs) to knock 
down hepatic mGpd and cGpd expression (Extended Data Fig. 7a, b). As 
seen with metformin treatment, mGPD ASO treatment reduced plasma 
glucose concentrations, increased cytosolic redox state and decreased 
mitochondrial redox state. In contrast, cGPD ASO treatment had only 
a mild effect on cytosolic and mitochondrial redox state, did not alter 
plasma glucose levels and did not affect plasma lactate concentrations 
(Fig. 4a—-c and Extended Data Fig. 7c). These data are consistent with 
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previous studies showing that knockout of the mGpd gene, but not cGpd, 
in mice results in a reduction in plasma glucose concentrations”*”*. 

To investigate further whether mGPD is the primary target of met- 
formin, we examined whether mGPD ASO treatment would abrogate 
the inhibitory effects of metformin on EGP. mGPD ASO treatment low- 
ered plasma glucose concentrations and inhibited EGP. Moreover, mGPD 
ASO treatment abrogated the ability of metformin ability to decrease 
plasma glucose concentrations and inhibit EGP (Fig. 4d, e). mGPD- 
ASO-treated animals also had increased plasma [lactate]:[pyruvate] 
and decreased plasma [f}-hydroxybutyrate]:[acetoacetate] ratios, whereas 
metformin had no extra effect on these parameters (Fig. 4f, g). As seen 
with metformin treatment, mGPD ASO increased the liver [GSH]:[GSSG] 
ratio, reflecting an increase in the cytosolic redox state (Extended Data 
Fig. 7d). In contrast the energy charge in the liver was unaltered by mGpd 
knockdown (Extended Data Fig. 7e-h), although a slight decrease in 
liver [CAMP] was observed (Extended Data Fig. 7i). There was no appre- 
ciable effect of mGpd knockdown on hepatic PEPCK-C and pyruvate 
carboxylase expression, although AMPK activation, increased ACC phos- 
phorylation and suppression of CREB activation were observed (Extended 
Data Fig. 7j-0). Chronic metformin treatment of mGpd ASO knockdown 
rats also had no added effect on plasma glucose concentrations or EGP 
(Fig. 4h, i). We next examined whether metformin’s effects would be 
abrogated in a whole-body mGPD knockout mouse and found that these 
mice, similar to the mGPD-ASO-treated rats, had decreased fasting plasma 
glucose concentrations and decreased rates of EGP compared with wild- 
type littermates, and that the effects of acute metformin treatment on 
plasma glucose concentrations and EGP were also abrogated in mGPD 
knockout mice (Fig. 4j, k). 

We further characterized the nature of metformin’s effect on mGPD 
kinetics, and found that metformin inhibited isolated rat mGPD activity 
non-competitively with an inhibition constant (K;) of approximately 
38 [LM (Extended Data Fig. 5c). Metformin also inhibited purified recom- 
binant human mGPD activity, showing non-competitive kinetics with 
K, ~ 55 uM (Fig. 3c and Extended Data Fig. 5d), and non-competitively 
inhibited activity of pure, Pediococcus «-glycerophosphate oxidase, a 
bacterial isoform of mammalian mGPD (Extended Data Fig. 5e). 

The glycerophosphate shuttle has an important role in the regula- 
tion of hepatic gluconeogenesis**”’, the role of mGPD as a regulator of 
EGP being strongly supported by the finding that mGPD knockout 
mice have lowered plasma glucose concentrations” and are protected 
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Figure 4 | Effects of mGPD and cGPD ASO 
treatment in Sprague-Dawley rats on metformin 
action. a, Knockdown of hepatic mGPD, but not 
cGPD, by two ASOs reduced fasting plasma 
glucose. b, mGPD ASO treatment increased liver 
[lactate]:[pyruvate], and (c) decreased liver 
[B-hydroxybutyrate]:[acetoacetate]. cGPD ASO 
treatment had a less marked effect on both liver 
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and abrogated metformin’s effect on EGP. 

e, Knockdown of hepatic mGPD decreased 
plasma glucose, (f) increased plasma 
[lactate]:[pyruvate], (g) decreased plasma 
[B-hydroxybutyrate]:[acetoacetate] and abrogated 
metformin’s effect on these parameters. h, In 
mGPD-ASO-treated rats, chronic metformin 
treatment had no effect on plasma glucose, (i) or 
EGP. mGPD knockout mice had (j) decreased 
plasma glucose, (k) reduced EGP, and did not 
respond to acute metformin treatment. WT, wild 
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from diet-induced hyperglycaemia”. We found that metformin inhibits 
mGPD activity in vitro with an approximate K; value close to the observed 
range of plasma metformin levels (10-40 1M) in patients treated with 
a normally prescribed dose of 1 g of metformin twice a day’. Our mea- 
surements of metformin concentrations in the plasma and liver of rats 
treated acutely with 50 mgkg  ' metformin gave us a peak average value 
of 74 uM and 100 |1M, respectively, 30 min after administration (Extended 
Data Fig. 9). These pharmacokinetic data are consistent with the acute 
metformin-mediated inhibition of hepatic gluconeogenesis within a 
similar time frame and are consistent with the need to provide dosing 
of metformin twice a day to patients with type 2 diabetes for optimal 
plasma glucose lowering. Previous studies assessing metformin action 
in vivo have typically used metformin doses ranging from 250 mg kg ' 
to 500 mgkg ', which are supra-pharmacological and result in plasma 
metformin concentrations greater than 1 mM (Extended Data Fig. 9). 
In this regard, although metformin inhibited mitochondrial respiration 
from glycerol-3-phosphate at micromolar concentrations, complex I res- 
piration was affected only at metformin concentrations greater than 
1 mM, which are not clinically relevant (Extended Data Fig. 2h). 
The kinetics of metformin inhibition of mGPD was found to be non- 
competitive, which raises the question of how this might be achieved. 
Computational analyses of the structure of the mGPD isoform, Strep- 
tococcus sp. o.-glycerophosphate oxidase”, mutated in the flavin ade- 
nine dinucleotide (FAD) binding pocket to the sequence of the human 
mGPD, found that metformin shows favourable binding to the FAD- 
containing pocket (Extended Data Fig. 8a—c). Based on these predictions, 


WT mGPD KO 


FAD, which is non-covalently associated with the enzyme, may dynami- 
cally slide in and out of the wider entrance of the tunnel-shaped pocket, 
and metformin may enter from the smaller end, preventing complete 
re-entry of FAD and inhibiting electron transfer. Although specula- 
tive, this model could explain how metformin could displace the flavin 
ring and inhibit enzymatic activity without necessarily invoking FAD 
turnover. 

In summary, we have shown that metformin treatment of rats at doses 
that achieve comparable plasma metformin concentrations observed in 
patients with metformin-treated type 2 diabetes inhibits mGPD non- 
competitively and modulates cytosolic and mitochondrial redox state, 
inducing an effective reduction in EGP. These results identify mGPD 
as one of the primary molecular targets by which guanides/biguanides 
inhibit hepatic gluconeogenesis, and provide a new therapeutic target 
for type 2 diabetes. 


METHODS SUMMARY 


Hepatocyte studies. Primary hepatocytes were isolated from 24-h-fasted Sprague- 
Dawley rats and treated with or without 100 uM metformin in DMEM supplemented 
with 10 mM substrate (glycerol at 100 uM). Glucose was measured using Genzyme 
Glucose-SL reagent. 

Animal studies. Studies were performed in 24-h-fasted, awake, unrestrained male 
Sprague-Dawley rats aged 9-12 weeks. Animals were randomly allocated to treat- 
ment groups before collection of any data and the studies were performed unblinded. 
Acute metformin was administered intravenously and chronic metformin was admin- 
istered intraperitoneally at 50 mg kg” * daily over 30 days. Continuous 1 mgkg™' min”! 
arterial infusion of [6,6-"H,]glucose tracer was administered to measure EGP. Plasma 
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glucose was measured on a YSI 2700 Biochemistry Analyzer. All other metabolites 
were measured using enzymatic methods. Whole-body mGPD knockout mouse 
embryos were a gift from M. J. MacDonald. Overnight-fasted mice were infused with 
[3-*H] glucose at 0.05 j.Ci min“ for 120 min to measure basal glucose turnover. Mice 
were restrained during the studies, and given acute metformin (50 mg kg’ "*, intra- 
venously) or saline. All animal studies were conducted with previous approval from 
Yale University Institutional Animal Care and Use Committee. 

ASO treatment studies. ASO treatment was administered at 37.5 mgkg * twice 
weekly for 4 weeks by intraperitoneal injection. ASO treatment knocked down mGPD 
messenger RNA (mRNA) and protein only in the liver (Extended Data Fig. 10). 
Enzyme assays. mGPD activity in rat liver mitochondrial lysate was measured using 
cytochrome c as the electron acceptor and measuring gain of absorbance at 550 nm. 
Activities of rat mGPD isolated from rat mitochondrial lysate using anti-GPD2 
antibody K-14, and human mGPD overexpressed in HEK 293 cells from an Ori- 
gene vector, were measured using 2,6-dichloroindophenol (DCIP) and measuring 
loss of absorbance at 600 nm. Kinetic measurements were made using a Flexstation 
3 Benchtop Multi-Mode Microplate Reader (Molecular Devices). 

Oxygen consumption. Studies were performed on a Seahorse Bioscience XF24 
Analyzer. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 


Received 25 May 2013; accepted 21 March 2014. 
Published online 21 May 2014. 


1. Hundal,R.S. etal. Mechanism by which metformin reduces glucose production in 
type 2 diabetes. Diabetes 49, 2063-2069 (2000). 

2. Inzucchi, S, et al. Efficacy and metabolic effects of metformin and troglitazone in 
type Il diabetes mellitus. N. Engl. J. Med. 338, 867-872 (1998). 

3. El-Mir, M.-Y. et al. Dimethylbiguanide inhibits cell respiration via an indirect effect 
targeted on the respiratory chain complex I. J. Biol. Chem. 275, 223-228 (2000). 

4. Owen, M.R., Doran, E. & Halestrap, A. P. Evidence that metformin exerts its 
anti-diabetic effects through inhibition of complex 1 of the mitochondrial 
respiratory chain. Biochem. J. 348, 607-614 (2000). 

5. Zhou, G. et al. Role of AMP-activated protein kinase in mechanism of metformin 
action. J. Clin. Invest. 108, 1167-1174 (2001). 

6. Shaw, R. J. et al. The kinase LKB1 mediates glucose homeostasis in liver and 
therapeutic effects of metformin. Science 310, 1642-1646 (2005). 

7. He,L. etal Metformin and insulin suppress hepatic gluconeogenesis through 
phosphorylation of CREB binding protein. Ce// 137, 635-646 (2009). 

8. Cool, B. et al. Identification and characterization of a small molecule AMPK 
activator that treats key components of type 2 diabetes and the metabolic 
syndrome. Cell Metab. 3, 403-416 (2006). 

9. Savage, D. B. et al. Reversal of diet-induced hepatic steatosis and hepatic insulin 

resistance by antisense oligonucleotide inhibitors of acetyl-CoA carboxylases 
1 and 2. J. Clin. Invest. 116, 817-824 (2006). 

0. Fullerton, M. D. et al. Single phosphorylation sites in Accl and Acc2 regulate lipid 
homeostasis and the insulin-sensitizing effects of metformin. Nature Med. 19, 
1649-1654 (2013). 

1. Foretz, M. eta/. Metformin inhibits hepatic gluconeogenesis in mice independently 
of the LKB1/AMPK pathway via a decrease in hepatic energy state. J. Clin. Invest. 
120, 2355-2369 (2010). 

2. Miller, R. A. et a/. Biguanides suppress hepatic glucagon signalling by decreasing 
production of cyclic AMP. Nature 494, 256-260 (2013). 

3. Hawley, S.A, Gadalla, A. E., Olsen, G. S. & Hardie, D. G. The antidiabetic drug 
metformin activates the AMP-activated protein kinase cascade via an adenine 
nucleotide-independent mechanism. Diabetes 51, 2420-2425 (2002). 

4. Yang, L. etal. Metabolomic and mass isotopomer analysis of liver gluconeogenesis 
and citric acid cycle. |. Interrelation between gluconeogenesis and cataplerosis; 
formation of methoxamates from aminooxyacetate and ketoacids. J. Biol. Chem. 
283, 21978-21987 (2008). 


546 | NATURE | VOL 510 | 26 JUNE 2014 


15. Krebs, H. A. & Gascoyne, T. The redox state of the nicotinamide-adenine 
dinucleotides in rat liver homogenates. Biochem. J. 108, 513-520 (1968). 

16. Williamson, D.H., Lund, P. & Krebs, H. A. The redox state of free nicotinamide- 
adenine dinucleotide in the cytoplasm and mitochondria of rat liver. Biochem. J. 
103, 514-527 (1967). 

17. Bremer, J. & Davis, E. J. Studies on the active transfer of reducing equivalents into 
mitochondria via the malate-aspartate shuttle. Biochim. Biophys. Acta 376, 
387-397 (1975). 

18. Cederbaum, A. |., Lieber, C. S., Beattie, D. S. & Rubin, E. Characterization of shuttle 
mechanisms for the transport of reducing equivalents into mitochondria. Arch. 
Biochem. Biophys. 158, 763-781 (1973). 

19. Garrib A. & McMurray, W. C. Purification and characterization of glycerol-3- 
phosphate dehydrogenase (flavin-linked) from rat liver mitochondria. J. Biol. 
Chem. 261, 8042-8048 (1986). 

20. Cole, E.S.,Lepp, C.A., Holohan, P. D. & Fondy, T. P. Isolation and characterization of 
flavin-linked glycerol-3-phosphate dehydrogenase from rabbit skeletal muscle 
mitochondria and comparison with the enzyme from rabbit brain. J. Biol. Chem. 
253, 7952-7959 (1978). 

21. White, H. B. Ill & Kaplan, N. O. Purification and properties of two types of 
diphosphopyridine nucleotide-linked glycerol 3-phosphate dehydrogenases from 
chicken breast muscle and chicken liver. J. Biol. Chem. 244, 6031-6039 (1969). 

22. Sistare, F.D. & Haynes R. C. Jr. The interaction between the cytosolic pyridine 
nucleotide redox potential and gluconeogenesis from lactate/pyruvate in isolated 
rat hepatocytes. J. Biol. Chem. 260, 12748-12753 (1985). 

23. Sugano, T. et al. Intracellular redox state and stimulation of gluconeogenesis by 
glucagon and norepinephrine in the perfused rat liver. J. Biochem. 87, 153-166 
(1980). 

24. MacDonald, M. J. & Marshall, L. K. Mouse lacking NAD+-linked glycerol phosphate 
dehydrogenase has normal pancreatic beta cell function but abnormal metabolite 
pattern in skeletal muscle. Arch. Biochem. Biophys. 384, 143-153 (2000). 

25. Prochazka, M., Kozak, U. C. & Kozak, L. P. A glycerol-3-phosphate dehydrogenase 
null mutant in BALB/cHeA mice. J. Biol. Chem. 264, 4679-4683 (1989). 

26. Harding, J. W. Jr, Pyeritz, E. A. Copeland, E. S. & White, H. B. Ill. Role of glycerol 
3-phosphate dehydrogenase in glyceride metabolism. Effect of diet on enzyme 
activities in chicken liver. Biochem. J. 146, 223-229 (1975). 

27. Harding, J.W. Jr, Pyeritz, E.A., Morris, H. P.& White, H. B. Ill. Proportional activities of 
glycerol kinase and glycerol 3-phosphate dehydrogenase in rat hepatomas. 
Biochem. J. 148, 545-550 (1975). 

28. Brown, L.J.eta/. Normal thyroid thermogenesis but reduced viability and adiposity 
in mice lacking the mitochondrial glycerol phosphate dehydrogenase. J. Biol. 
Chem. 277, 32892-32898 (2002). 

29. Barbera, A. et al. A high carbohydrate diet does not induce hyperglycaemia in a 
mitochondrial glycerol-3-phosphate dehydrogenase-deficient mouse. 
Diabetologia 46, 1394-1401 (2003). 

30. Colussi, T. et a/. Structure of o-glycerophosphate oxidase from Streptococcus sp.: a 
template for the mitochondrial a-glycerophosphate dehydrogenase. Biochemistry 
47, 965-977 (2008). 


Acknowledgements We thank J. Dong, M. Kahn, Y. Kosover and J. J. Hsiao for their 
technical support, and S. Singh and D. Gregg for discussions. This publication was 
supported by grants from the National Institutes of Health: R24 DK-085638, RO1 
DK-40936, P30 DK-45735, P30 DK-034989, U24 DK-059635, RO1 DK-28348, KO1 
DK-099402, RO1 DK-092606; grants from the American Diabetes Association: 
7-12-BS-092, 1-14-Merck-10; a VA Merit Award (101-BX000901); and by the Novo 
Nordisk Foundation Center for Basic Metabolic Research. Its contents are solely the 
responsibility of the authors and do not necessarily represent the official view of the 
National Center for Research Resources or National Institutes of Health. 


Author Contributions A.K.M., D.M.E., V.T.S., R.G.K., J.-P.C., M.JJ., H.-Y.L. and G.LS. 
designed the experimental protocols. A.K.M., D.M.E., Y.R., J.H., X-M.Z, G.W.C., R.G.K., 
J.-P.C.,M.J.J.and H.-Y.L. performed the studies. A.K.M., D.M.E., X-M.Z., D.B., R.A.A., G.W.C., 
J-P.C., MJ.J.and H.-Y.L. analysed the data. BJ.P., J.L.W., S.B. and M.J.M. supplied 
reagents. A.K.M., D.M.E., Y.R., G.W.C., V.T.S., R.G.K., R.AA., M.J.M. and G.I.S. contributed to 
writing the manuscript. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of the paper. Correspondence 
and requests for materials should be addressed to G.I.S. (gerald.shulman@yale.edu). 


©2014 Macmillan Publishers Limited. All rights reserved 


Mate Ae dL Teas 


doi:10.1038/nature13267 


Cyclin D1-Cdk4 controls glucose metabolism 
independently of cell cycle progression 


Yoonjin Lee’, John E. Dominy’”, Yoon Jong Choi!*, Michael Jurczak°, Nicola Tolliday’®, Joao Paulo Camporez°, Helen Chim!?, 
Ji-Hong Lim!”, Hai-Bin Ruan®, Xiaoyong Yang®, Francisca Vazquez’, Piotr Sicinski'"*, Gerald I. Shulman? & Pere Puigserver'* 


Insulin constitutes a principal evolutionarily conserved hormonal 
axis for maintaining glucose homeostasis’ *; dysregulation of this axis 
causes diabetes**, PGC-1a (peroxisome-proliferator-activated receptor- 
y coactivator-1a) links insulin signalling to the expression of glucose 
and lipid metabolic genes*’. The histone acetyltransferase GCN5 
(general control non-repressed protein 5) acetylates PGC-1a and 
suppresses its transcriptional activity, whereas sirtuin 1 deacetylates 
and activates PGC-10°”. Although insulin is a mitogenic signal in pro- 
liferative cells'*", whether components of the cell cycle machinery 
contribute to its metabolic action is poorly understood. Here we report 
that in mice insulin activates cyclin D1-cyclin-dependent kinase 4 
(Cdk4), which, in turn, increases GCN5 acetyltransferase activity and 
suppresses hepatic glucose production independently of cell cycle 
progression. Through a cell-based high-throughput chemical screen, 
we identify a Cdk4 inhibitor that potently decreases PGC-1a, acet- 
ylation. Insulin/GSK-3B (glycogen synthase kinase 3-beta) signal- 
ling induces cyclin D1 protein stability by sequestering cyclin D1 in 
the nucleus. In parallel, dietary amino acids increase hepatic cyclin 
D1 messenger RNA transcripts. Activated cyclin D1-Cdk4 kinase 
phosphorylates and activates GCN5, which then acetylates and inhi- 
bits PGC-1a activity on gluconeogenic genes. Loss of hepatic cyclin 
D1 results in increased gluconeogenesis and hyperglycaemia. In dia- 
betic models, cyclin D1-Cdké4 is chronically elevated and refractory 
to fasting/feeding transitions; nevertheless further activation of this 
kinase normalizes glycaemia. Our findings show that insulin uses com- 
ponents of the cell cycle machinery in post-mitotic cells to control 
glucose homeostasis independently of cell division. 

To discover new factors that can regulate PGC-1o activity through 
its acetylation status, a high-throughput enzyme-linked immunoassay 
was designed to monitor specifically and quantitatively the amount of 
PGC-1« acetylation in U-2OS cells (Extended Data Fig. 1a). A library 
of 1,600 compounds, including bioactive and natural compounds, was 
screened (Fig. 1a). Interestingly, the compound with the highest z score 
for PGC-1a deacetylation was fascaplysin, a known Cdké4 inhibitor’? 
(Extended Data Fig. 1b). Cdk4 regulates G1 to S phase transition and its 
kinase activity is dependent on its binding to one of the three D-type 
cyclins including cyclin D1 (ref. 13). We therefore investigated the effect 
of this cell cycle complex on PGC-1a acetylation and function, in con- 
nection with nutrient and insulin metabolic actions. 

First, we calculated a half-maximum inhibitory concentration (ICs) 
of 0.7 uM for fascaplysin-induced PGC-1a deaceylation, which is sim- 
ilar to its ICs for Cdk4 inhibition (Extended Data Fig. 2a). Fascaplysin- 
induced PGC-1a deacetylation overlapped with retinoblastoma protein 
(Rb) dephosphorylation, a well-characterized Cdk4 substrate" (Fig. 1b). 
PD 0332991, the most specific Cdk4 inhibitor available’’, led to a similar 
decrease of PGC-1« acetylation (Fig. 1c and Extended Data Fig. 2b). Fur- 
thermore, Cdk4 depletion through transient short hairpin RNA (shRNA) 
transfection had the same effect as chemical inhibitors, confirming that 


Cdk4 activity controls PGC-1« acetylation levels (Fig. 1d and Extended 
Data Fig. 2c). 

Because Cdk4 inhibitor-induced PGC-1« deacetylation was not affec- 
ted when sirtuin 1 (SIRT1) or HDAC class I/II were inhibited (Extended 
Data Fig. 2d), we tested whether cyclin D1-Cdk4 regulates PGC- 10 acet- 
ylation through GCNS, the principal PGC-1o acetyltransferase. Indeed, 
knockdown of Gcen5 significantly blunted fascaplysin-induced PGC- 
1 deacetylation (Fig. le). In contrast, PCAF-mediated acetylation was 
not affected by fascaplysin, further suggesting that Cdk4 inhibition mod- 
ulates PGC-1a acetylation through GCN5 (Extended Data Fig. 2e). 
In vitro catalytic activity of GCN5 immunoprecipitated from cells treated 
with fascaplysin was reduced by 50% relative to vehicle control (Fig. 1f). 
We observed physical interaction between ectopically expressed or endo- 
genous Cdk4 and GCNS5, suggesting that Cdk4 could regulate GCN5 
activity by direct phosphorylation (Fig. 1g and Extended Data Fig. 2f). 
Cyclin D1-Cdk4 kinase directly phosphorylated GCNS in vitro and its 
phosphorylation was inhibited by fascaplysin (Fig. 1h and Extended Data 
Fig. 2g). Systematic mutagenesis showed two phosphorylation sites, T272 
and $372, located in the conserved PCAF domain of GCN5. Alanine 
substitutions of these two sites ((GCN5 AA’) ablated GCN5 phosphor- 
ylation by cyclin D1-Cdk4 in vitro, and reduced PGC-1 acetylation 
(Fig. li, 1j and Extended Data Fig. 2h, i). Compared with GCN5 wild 
type, in vitro catalytic activity of GCN5 AA was decreased, but remained 
insensitive to fascaplysin (Fig. 1k). Cdk4 phosphorylation on GCN5 aug- 
mented acetyltransferase catalytic activity by increasing maximal velo- 
city (Vinax)» whereas the Michaelis-Menten constant (K,,,) for acetyl-CoA 
binding was unaffected (Fig. 1k). Because GCN5 functions as a complex 
with subunits important for its activity’®, its phosphorylation by Cdk4 
could modulate interaction between GCN5 and subunits. We found 
one subunit, PAF65-, interacting less with GCN5 AA compared with 
GCNS5 wild type, when tested with modestly overexpressed GCN5, where 
PGC-1e acetylation was not saturated (Extended Data Fig. 2), k). Taken 
together, these results indicate that cyclin D1-Cdk4 regulates PGC-1a 
acetylation through the direct phosphorylation and activation of GCN5 
acetyltransferase activity. 

Because PGC-1« acetylation is tightly linked with its co-transcriptional 
activity*”””, we investigated whether cyclin D1-Cdk4 could modulate the 
gluconeogenic target genes of PGC-1«. To study cyclin D1-Cdk4 kinase 
effects ina PGC-1« mediated manner, we induced PGC-1a in primary 
hepatocytes by adenoviral overexpression or forskolin addition (Extended 
Data Fig. 3a). In primary hepatocytes, chemical inhibition of Cdk4 sig- 
nificantly increased gluconeogenic genes and glucose production, con- 
sistent with reduced PGC-1« acetylation (Fig. 2a—-c and Extended Data 
Fig. 3b). Cdk4 depletion produced similar effects (Fig. 2d-fand Extended 
Data Fig. 3c). Conversely, induction of CKD4 activity by cyclin D1 wild- 
type overexpression or cyclin D1 T286A mutant, a hyperactive mutant 
allele spared from proteasomal degradation", but not cyclin D1 K112E 
(a mutant that cannot activate Cdk4 kinase activity’’), suppressed 
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gluconeogenic genes and glucose production, corresponding with PGC- 
1a acetylation changes (Fig. 2g-i and Extended Data Fig. 3d). 

Because cyclin D1-Cdk4 can phosphorylate other regulatory com- 
ponents of gluconeogenic pathway” (Extended Data Fig. 3e), we exam- 
ined whether cyclin D1-Cdk4 kinase modulates glucose production 
through PGC-1a and GCNS. As expected, the induction of gluconeo- 
genic genes by Cdk4 inhibition was completely blunted when PGC-1a 
was stably knocked down in liver cells (Extended Data Fig. 3f). Also, 
Cdk4 knockdown did not increase glucose production and gluconeo- 
genic gene expression in GCN5 depleted hepatocytes (Fig. 2) and Ex- 
tended Data Fig. 3g). GCN5 AA had a marginal ability to suppress hepatic 
gluconeogenesis compared with GCN5 wild type, and showed no sig- 
nificant changes when combined with Cdk4 inhibition (Fig. 2k and Ex- 
tended Data Fig. 3h). Together, these results strongly suggest that the 
effects of cyclin D1-Cdk4 on gluconeogenesis are mediated by the GCN5- 
PGC-1o% complex. 

We examined whether liver gluconeogenesis was altered when cyclin 
D1-Cdk4 kinase activity was manipulated in whole animals. When PD 
0332991 was administered to re-fed mice, it increased Pck1 expression 
and glycaemia without changing circulating insulin levels (Fig. 21, m and 
Extended Data Fig. 3i, j). In contrast, hepatic cyclin D1 T286A express- 
ion significantly repressed fasting gluconeogenic genes, glycaemia and 
hepatic capacity to produce glucose as assessed by a pyruvate tolerance 
test (Fig. 2n—p and Extended Data Fig. 3k). We confirmed that PD 03322991 
or cyclin D1 T286A adenoviral administration produced those physio- 
logical changes without causing liver toxicity (Extended Data Fig. 4a, b). 
Collectively, these data indicate that changes in hepatic cyclin D1-Cdk4 
activity are sufficient to control hepatic gluconeogenesis and whole- 
body glucose homeostasis. 

Next, we investigated whether cyclin D1-Cdk4 complex is regulated 
under nutritional and hormonal changes. In spite of parenchymal hepa- 
tocytes being post-mitotic, hepatic protein and messenger RNA (mRNA) 
expression of cyclin D1 were significantly increased upon 4h re-feeding, 
which was not a strain-specific phenomenon (Fig. 3a, b and Extended 
Data Fig. 5a, b). This induction of cyclin D1 corresponded with elevated 
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cyclin D1-Cdké4 activity, as observed by increases of Rb, GCN5 phos- 
phorylation and elevated kinase activity of immunoprecipitated Cdk4 
upon re-feeding (Fig. 3b, c and Extended Data Fig. 5c). Interestingly, 
cyclin D1 expression was regulated upon re-feeding only in liver, and 
Cdk4 inhibitor administration altered PGC-1o target genes only in liver 
and white adipose tissue (Extended Data Fig. 5d, e). Although Cdk4 reg- 
ulates glucose metabolism in other tissues than liver, it is unknown 
whether this regulation is dependent on PGC-1a"". 

Cyclin D1-Cdké4 activity increased upon re-feeding was uncoupled 
from cell cycle progression. Known cell division markers did not change 
upon re-feeding (Extended Data Fig. 5f). Consistently, we found no 
difference in hepatocyte ploidy profile, Ki-67 expression levels and 5- 
bromodeoxyuridine (BrdU) incorporation between the livers of fasted 
and re-fed mice (Fig. 3d, e and Extended Data Fig. 5g). Alteration of cyclin 
D1-Cdké4 activity in liver by hepatic overexpression of cyclin D1 T286A 
or by a pharmacological inhibition caused no changes in cell cycle pro- 
gression during fasting and re-feeding, as analysed by hepatic ploidy 
and Ki-67 expression (Extended Data Fig. 5h-j). 

GSK-3, active during fasting and inactive during re-feeding owing 
to its phosphorylation by insulin-AKT signalling, negatively regulates 
cyclin D1 through phosphorylation of T286, causing nuclear exclusion 
of cyclin D1 and proteasomal degradation’*. We considered that 
insulin stimulation and subsequent inactivation of GSK-3f allow cyclin 
D1 to form an active complex with Cdk4, promoting PGC-1« acetyla- 
tion. Insulin or two GSK-3B inhibitors increased nuclear cyclin D1 
protein when tested in an overexpressed or endogenous manner (Fig. 3f 
and Extended Data Fig. 5k). This increase correlated with elevated PGC- 
1a acetylation anda significant reduction of gluconeogenic genes (Fig. 3g 
and Extended Data Fig. 51). In accordance, insulin increased Cdk4- 
mediated GCN5 phosphorylation (Fig. 3h). Interestingly, we found that 
amino acids, but not insulin, increased cyclin D1 mRNA expression in 
primary hepatocytes (Extended Data Fig. 5m-o). To test ifamino acids 
could be dietary components promoting cyclin D1 mRNA in liver, mice 
were fed with empty calorie, glucose only or glucose and amino-acid 
diets for 4h. A significant cyclin D1 mRNA induction was observed only 
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when amino acids were added to the diet (Fig. 3i). These results indicate 
that amino acids contribute to the fed response along with insulin sig- 
nalling to enhance cyclin D1 levels during re-feeding. 

To test if cyclin D1-Cdk4 complex constitutes an important axis of 
the nutrient and insulin signalling to regulate glucose metabolism, we 
generated liver-specific cyclin D1 knockout (‘D1 LKO’) mice by crossing 
mice expressing a floxed cyclin D1 allele” with albumin-Cre-expressing 
mice”. Cyclin D1 deletion in liver did not interfere with liver develop- 
ment and caused no compensatory increases on other cyclins (Extended 
Data Fig. 5p, q). D1 LKO mice had similar gluconeogenic gene express- 
ion and glycaemia during fasting compared with wild-type mice, con- 
sistent with Cdk4 inactivation due to the absence of cyclin D1 (Fig. 3), k). 
However, in the re-fed state, D1 LKO mice showed a significant increase 
in gluconeogenic genes and glycaemia compared with wild-type mice 
whereas induction of Rb phosphorylation and PGC-1« acetylation upon 
re-feeding were lacking (Fig. 31, m and Extended Data Fig. 5r, s). Cdk4 
inhibitor failed to increase gluconeogenic genes and glycaemia further 
in D1 LKO mice, suggesting cyclin D1 in liver mediates metabolic effects 
caused by Cdk4 inhibition (Extended Data Fig. 5t, u). Primary hepa- 
tocytes isolated from D1 LKO mice had increased gluconeogenic gene 
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Figure 2 | Cyclin D1-Cdk4 regulates gluconeogenesis in primary 
hepatocytes and whole animals. a, b, PD 0332991 increases gluconeogenic 
gene expression and glucose production (a: one-way analysis of variance 
(ANOVA) with Tukey post-test, n = 3, b: two-tailed unpaired t-test, n = 8). 
c, PGC-1a acetylation is decreased by PD 0332991 treatment. d, e, Cdk4 
knockdown increases gluconeogenic gene expression and glucose production 
(d: one-way ANOVA with Tukey post-test, n = 6, e: two-tailed unpaired t-test, 
n= 6). f, PGC-1o acetylation is decreased upon Cdk4 deletion. g, h, Cyclin D1 
wild-type decreases gluconeogenic gene expression, and cyclin D1 wild-type 
and cyclin D1 T286A, but not cyclin D1 K112E, repress glucose production 
(g: one-way ANOVA with Tukey post-test, n = 3/green fluorescent protein 
(GFP), PGC-1a, n = 6/cyclin D1 WT and KE, h: one-way ANOVA with 
Dunnett post-test, n = 8). i, Overexpression of cyclin D1 wild-type (WT) and 
T286A (TA), but not cyclin D1 K112E (KE), induces PGC-1« acetylation. 

j, Gen5 knockdown blunts the increase of glucose production by Cdk4 
knockdown (two-tailed unpaired t-test, n = 8). k, PD 0332991 increases 
glucose production with GCN5 wild type (WT), but not with GCN5 T272A/ 
$372A (AA) (one-way ANOVA with Newman-Keuls post-test, n = 8). 

1, m, PD 0332991 administration increases Pck1 gene expression and glycaemia 
in mice (two-tailed unpaired t-test, n = 18/vehicle, n = 17/PD 0332991). 

n, 0, Gluconeogenic gene expression and glycaemia are reduced by cyclin D1 
T286A overexpression in liver (two-tailed unpaired t-test, n = 10/GFP, 

n= 9/D1 T286A). p, Cyclin D1 T286A overexpression in liver decreases 
hepatic glucose production capacity assessed by pyruvate tolerance test 
(two-tailed unpaired t-test, n = 20/GFP, n = 24/D1 T286A; AUC, area under 
curve). All cells were infected with PGC-1« adenovirus for glucose production 
assays. Statistical significance is represented by asterisks corresponding to 
*P< 0.05, **P< 0.01 and ***P < 0.001. Data are shown as mean = s.e.m. 


expression and higher glucose production than wild-type hepatocytes 
(Extended Data Fig. 5v, w). Consistent with elevated re-feeding blood 
glucose levels, D1 LKO mice showed moderate, yet significant, insulin 
and glucose intolerance, further indicating that cyclin D1-Cdk4 med- 
iates, at least in part, insulin action in liver (Fig. 3n, 0). When taken in 
aggregate, our findings indicate that insulin suppresses hepatic gluco- 
neogenesis during re-feeding, in part by activating cyclin D1-Cdk4 com- 
plex to suppress PGC-1o activity. 

Lastly, we investigated whether cyclin D1—Cdk4 activity was altered in 
diabetic mice. In the livers of fasted Lepr“”’”” mice, basal phosphorylations 
of AKT and its downstream targets were elevated, consistent with the 
hyperinsulinaemia of db/db mice (Fig. 4a). Accordingly, db/db mice had 
elevated fasted levels of cyclin D1 and phosphorylation of Rb, compar- 
able to re-fed db/+ mice. In db/db mice, gluconeogenic genes and insulin 
signalling were refractory to fasting/re-feeding transitions, indicating an 
uncoupling of insulin signalling and its repressive effects on gluconeogenic 
programming (Fig. 4a and Extended Data Fig. 6a). We observed similar 
chronic elevations of cyclin D1 and insulin signalling impairment in 
mice fed a high-fat diet (Extended Data Fig. 6b). In accordance with 
chronic elevation of cyclin D1 in diabetic mice, phosphorylation of GCN5 
remained higher, refractory to fasting/re-feeding transitions in diabetic 
compared with control mice (Extended Data Fig. 6c, d). These results 
suggest that in insulin-resistant mice compensatory hyperinsulinae- 
mia maintains a chronically active cyclin D1-Cdk4 complex that is not 
sufficient to counteract increased gluconeogenesis. Hyperinsulinaemia 
might explain other studies showing different activities of insulin sig- 
nalling in fasted diabetic animals*”*. 

We examined whether hyperactivation of cyclin D1-Cdk4 complex 
in db/db mice could alleviate hyperglycaemia. Hepatic overexpression 
of cyclin D1 T286A in db/db mice reduced gluconeogenic genes and 
glycaemia to db/+ mouse levels, whereas cyclin D1 K112E caused only 
minor suppressions of those parameters (Fig. 4b, c and Extended Data 
Fig. 6e). A similar pattern was observed in mice fed a high-fat diet (Ex- 
tended Data Fig. 6f-h). We confirmed that cyclin D1 T286A over- 
expression in db/db mice indeed repressed hepatic glucose production 
by using hyperinsulinemic—euglycemic clamp experiments (Fig. 4d-h). 

Our studies support a regulatory model in which insulin facilitates 
the formation of an active cyclin D1-Cdk4 complex that subsequently 
suppresses gluconeogenesis, in part by decreasing PGC- 10 activity through 
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Figure 3 | Cyclin D1-Cdk4 is regulated by insulin/GSK-3B, and hepatic 
cyclin D1 deletion causes increased gluconeogenesis and glycaemia upon re- 
feeding. a, Cyclin D1 gene expression is increased during re-feeding (one-way 
ANOVA with Tukey post-test, n = 3/fast and10h re-fed, n = 4/4h re-fed). 

b, Cyclin D1 protein and Rb phosphorylation are induced upon re-feeding (N, 
nuclear, and C, cytoplasmic, liver extracts). c, Phosphorylation of GCNS is 
increased upon re-feeding. GCN5 was immunoprecipitated using anti- 
phosphoS*P (pS*P) antibody from livers infected with GFP or GCN5 
adenovirus. d, Hepatocyte ploidy does not change upon fasting and re-feeding 
(n = 5). e, Ki-67 staining in liver shows no differences upon fasting and re- 
feeding. Small intestine was used as a positive control. f, Nuclear cyclin D1 
protein level is increased upon insulin and GSK-3 inhibitor treatment in 
primary hepatocytes. All cells were infected with cyclin D1 wild-type 
adenovirus. g, Insulin and GSK-3f inhibitors suppress gluconeogenic gene 
expression. All cells were infected with PGC-1o adenovirus (one-way ANOVA 
with Tukey post-test, n = 6). h, Phosphorylation of GCNS is induced by insulin 
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and blunted by PD 0332991 treatment. GCN5 was overexpressed whereas GFP 
was used as a negative control. i, Cyclin D1 is transcriptionally induced by 
dietary intake of amino acids. Mice were fasted overnight or re-fed 4h with 
chow diet, empty calorie, glucose or glucose and amino-acid diet (one-way 
ANOVA with Tukey post-test, 2 = 5). j, k, Liver-specific cyclin D1 LKO mice 
show no differences on gluconeogenic gene expression and glycaemia during 
fasting. l, m, D1 LKO mice show increased gluconeogenic gene expression and 
glycaemia upon 4h re-feeding (one-way ANOVA with Tukey post-test, 
combined four cohorts of n = 3/fasting, n = 5/re-feeding). n, D1 LKO mice 
show mild glucose intolerance (two-way ANOVA, multiple comparison, 

n= 11/WT1,n = 7/WT2, n = 10/D1 LKO). 0, D1 LKO mice show mild insulin 
intolerance (two-way ANOVA, significant interaction, multiple comparison, 
n= 10/WT1, n = 7/WT2, n = 9/D1 LKO). Statistical significance is 
represented by asterisks corresponding to *P < 0.05, **P < 0.01, 

***P < (0.001. Data are shown as mean ~ s.e.m. 
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Figure 4 | In diabetic hyperinsulinemic mice, cyclin D1-Cdk4 is 
dysregulated and hyperactivation of cyclin D1-Cdk4 attenuates the diabetic 
phenotype. a, Cyclin D1 is chronically elevated in livers of db/db mice 

(N, nuclear, and C, cytoplasmic, liver extracts). b, c, Cyclin D1 T286A, but 
not cyclin D1 K112E, overexpression in liver represses gluconeogenic genes 
and glycaemia in db/db mice (one-way ANOVA, Tukey post-test, n = 6/GFP, 
D1 K112E, n = 5/D1 T286A). d-h, In db/db mice, cyclin D1 T286A 
overexpression in liver suppresses hepatic glucose production tested by 
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hyperinsulinemic-euglycemic clamp. d, Plasma glycaemia and glucose 
infusion rate (GIR) (two-way ANOVA, significant interaction, n = 7). 

e, Body weights. f, Clamped glucose infusion rate. g, Whole-body glucose 
uptake (GU). h, Clamped hepatic glucose output (CHGO) (average of last 

40 min values for f, g, two-tailed unpaired t-test for d-h, n = 7). Statistical 
significance is represented by asterisks corresponding to *P < 0.05, **P < 0.01, 
***P < 0.001. Data are shown as mean = s.e.m. 
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GCN5-mediated acetylation (Extended Data Fig. 6i). Under type 2 dia- 
betic conditions, cyclin D1 protein levels are dysregulated owing to hyper- 
insulinaemia and insulin resistance, which contributes to its inability to 
repress gluconeogenesis fully during the fed state. In addition, cyclin 
D1 isalso controlled at the transcriptional level by dietary intake ofamino 
acids, further contributing to insulin’s action, although the mechanisms 
are currently unknown. Despite the functional activation of cyclin D1- 
Cdk4 during re-feeding, hepatocytes undergo no cell cycle progression. 
Interestingly, genome-wide association studies have showed that muta- 
tions of CDKN2A, a Cdké4 inhibitor, are significantly correlated with a 
high risk of type 2 diabetes*’. Combined with the role of cyclin D1- 
Cdké in B-islet pancreatic cell proliferation and the involvement of its 
target, E2F1, in oxidative metabolism”*”’, induction of gluconeogenesis 
in liver could predict the tendency of hyperglycaemia in cancer patients 
treated with Cdk4 inhibitors”. Future studies will address the metabolic 
functions of cell cycle components in different tissues and their use as 
therapeutic targets in metabolic diseases. 


METHODS SUMMARY 


The chemical screen was performed with a U-20S cell line as described in Extended 
Data Fig. 1a. Immunoprecipitated GCN5 from cells infected with GCN5 adeno- 
viruses was used for in vitro acetyltransferase activity assay. Glutathione S-transferase 
(GST)-cyclin D1-Cdk4, GST-Rb and 6 X His-GCN5 recombinant proteins were 
purchased whereas others were generated in the laboratory. Glucose levels in cul- 
ture medium were measured with primary hepatocytes overexpressing PGC-1«. All 
animal studies were performed with 8- to 10-week-old male C57BL/6 mice unless 
indicated otherwise. PD 0332991 (150 mgkg', pH 4) was administered by oral 
gavage. Adenoviruses were delivered by tail-vein injection with dosages of 1.5 X 10° 
to 2.0 X 10° infectious particles per animal. Pyruvate tolerance test was performed 
by intraperitoneal injection of pyruvate (2 ¢kg™ ') to overnight fasted mice whereas 
glucose tolerance (1 g kg *) and insulin tolerance tests (0.75 U kg’, diluted in PBS) 
were performed with mice fasted for 6 h. Diets containing empty calorie, glucose or 
glucose and amino acids were formulated in the laboratory. High-fat diet (60 kcal%) 
was administered to animals for 3 months before experiments. Detailed experi- 
mental procedures can be found in Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Structure of a lipid-bound extended synaptotagmin 
indicates a role in lipid transfer 


Curtis M. Schauder', Xudong Wu!*, Yasunori Saheki" 
Pietro De Camilli’? & Karin M. Reinisch! 


Growing evidence suggests that close appositions between the endo- 
plasmic reticulum (ER) and other membranes, including appositions 
with the plasma membrane (PM), mediate exchange of lipids between 
these bilayers. The mechanisms of such exchange, which allows lipid 
transfer independently of vesicular transport, remain poorly under- 
stood. The presence of a synaptotagmin-like mitochondrial-lipid- 
binding protein (SMP) domain, a proposed lipid-binding module, 
in several proteins localized at membrane contact sites has raised the 
possibility that such domains may be implicated in lipid transport’”. 
SMP-containing proteins include components of the ERMES com- 
plex, an ER-mitochondrial tether’, and the extended synaptotag- 
mins (known as tricalbins in yeast), which are ER-PM tethers**. 
Here we present at 2.44 A resolution the crystal structure of a frag- 
ment of human extended synaptotagmin 2 (E-SYT2), including an 
SMP domain and two adjacent C2 domains. The SMP domain has a 
B-barrel structure like protein modules in the tubular-lipid-binding 
(TULIP) superfamily. It dimerizes to form an approximately 90-A- 
long cylinder traversed by a channel lined entirely with hydrophobic 
residues, with the two C2A-C2B fragments forming arched struc- 
tures flexibly linked to the SMP domain. Importantly, structural 
analysis complemented by mass spectrometry revealed the presence 
of glycerophospholipids in the E-SYT2 SMP channel, indicating a 
direct role for E-SYTs in lipid transport. These findings provide 
strong evidence for a role of SMP-domain-containing proteins in the 
control of lipid transfer at membrane contact sites and have broad 
implications beyond the field of ER-to-PM appositions. 

ER-PM contact sites, which are present in all eukaryotes, are thought 
to have multiple functions’, including an evolutionarily conserved role 
in the regulation of lipid composition and metabolism at the PM*""’. 
E-SYTs are ER-resident proteins that act as tethers linking the ER and 
PM membranes into close apposition**. There are three E-SYTs (E- 
SYT1, 2 and 3) in mammalian cells, which homo- or heterodimerize’®. 
Each E-SYT has an amino-terminal ER-membrane anchor, followed by 
a short linker region, an SMP domain, and three or more C2 domains° 
(Fig. 1a). The ER-membrane anchor and C2 domains are required for 
tethering, whereas the role of the SMP domain has been unclear’. Bio- 
informatics analyses suggesting that SMP domains belong to the TULIP 
superfamily were therefore intriguing because several TULIP proteins 
are known to bind lipids and participate in lipid transfer’. 

To obtain insights regarding E-SYT function, we determined the crystal 
structure of a fragment of human E-SYT2 (residues 163-634) comprising 
the SMP, C2A and C2B domains (Extended Data Table 1). The carboxy- 
terminal portion of E-SYT2, which consists of an extended linker region 
followed by a third C2 domain (C2C) that interacts with phosphatidy- 
linositol 4,5-bisphosphate (PI(4,5)P) at the PM’, was not in the construct. 

This E-SYT2 fragment dimerizes both in solution, as assessed by size- 
exclusion chromatography, and in the crystal. Each SMP domain is a 
B-barrel (Fig. 1b), comprising a highly twisted B-sheet and two a-helices, 
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Hland H3. A third helix, H2, partially caps one end of the barrel. The 
other end of the barrel associates with the corresponding end of the sec- 
ond SMP domain to form a 90-A-long cylinder. The residues at the 
interface of the two SMP domains are among the most highly conserved 
(Extended Data Fig. 1), consistent with the physiological relevance of 
the dimer, and they probably mediate homo- and heterodimerization 
of E-SYTs®. An approximately 10-A-diameter channel lined exclusively 
with hydrophobic residues runs through the cylinder (Fig. 1c). It con- 
nects with solvent at both ends and via a narrow seam along the length 
of the cylinder. 

There is no significant similarity between the primary sequences of 
the E-SYT2 SMP domain and proteins of known fold. Nevertheless, as 
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Figure 1 | E-SYT2 structure. a, E-SYT2 domain architecture. Domain 
boundaries are indicated as residue numbers. b, Left, monomers in the E-SYT2 
dimer are green or blue. C2A—C2B arches (see also Fig. 3) contact the SMP 
barrel as in the crystal. Right, E-SYT2 is coloured from blue (N terminus) to red 
(C terminus), and the C2A-C2B arches are pulled away from the SMP dimer. 
The ‘seam’ along the side of the SMP dimer is partially visible. Detergent 

and lipid molecules are pink. c, Surface representation of the SMP dimer. 
Hydrophobic residues (blue) line the channel. Lipid fatty acid moieties are in 
space-filling representation. d, Ribbon diagrams for BPI (Protein Data Bank 
(PDB) accession 1BP1), E-SYT2 and CTEP (PDB accession 2OBD). Structural 
elements in BPI or CTEP not present in E-SYT2 are cyan. 
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predicted by bioinformatics studies'”, our structure firmly establishes 
the SMP domain as a member of the TULIP superfamily. In previously 
characterized TULIP proteins such as bactericidal/permeability-increasing 
protein (BPI) and cholesteryl ester transfer protein (CETP) (Fig. 1d), 
SMP-like modules also form tubular structures harbouring an elongated 
hydrophobic channel'*’’. BPI and CETP do not dimerize, however, as 
each monomer comprises two SMP-like domains rather than one, with 
the two modules arranged in tandem and connected by a B-sheet not 
present in E-SYTs. 

Within the SMP channel, the electron density maps show clear den- 
sities for two lipid-like molecules per E-SYT2 monomer (Fig. 2a, b). 
One density is consistent with a diacylglycerol lipid, whereas the other 
is reminiscent of Triton X-100, a detergent used in protein purifica- 
tion. Triton X-100 was modelled into this density with its 4-(1,1,3,3 
tetramethylbutyl)-phenyl group buried within the hydrophobic chan- 
nel and its hydrophilic polyethylene chain extended through the seam 
into the solvent (Fig. 2). A non-denaturing mass spectrometry (MS) 
analysis'* of recombinant E-SYT2 purified in the absence of Triton X-100 
shows that ligand-bound proteins are present and that two lipid mole- 
cules can bind per monomer (Extended Data Fig. 2), so probably a second 
lipid molecule binds in place of the detergent in a physiological context. 
Denaturing negative-ionization high-resolution MS and MS/MS ana- 
lysis further identified ligands of the recombinant E-SYT2 as two major 
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components of the bacterial membrane, phosphatidylglycerol and phos- 
phatidylethanolamine (PE) (Extended Data Fig. 3 and Extended Data 
Table 2). 

The electron density maps show that the lipid fatty acid moieties lie 
in the hydrophobic channel, whereas the polar head group protrudes 
through the seam and is solvated. There is no density for the head group, 
implying that it does not make extensive contacts with E-SYT2 and is 
disordered. This suggests that the SMP domain could bind a variety of 
glycerophospholipids. BPI and CETP bind diverse lipids in a similar 
manner, with hydrophobic portions buried in the hydrophobic chan- 
nel and the hydrophilic groups exposed to solvent along the seam'’*”’. 

To identify lipids bound to E-SYT2 in mammalian cells, a 3x Flag- 
tagged E-SYT2 fragment comprising the SMP and C2A—C2B domains 
was expressed in Expi293 cells and purified by anti-Flag immunopre- 
cipitation. Denaturing MS of this construct and quantitative lipidomic 
analysis revealed the presence of the glycerophospholipids phosphati- 
dylcholine (PC; 67%), PE (21%), phosphatidylinositol (7%) and phos- 
phatidylserine (3%) (Extended Data Figs 4, 5 and Extended Data Table 3). 
These relative amounts of the major phospholipids roughly reflect their 
relative abundance in animal cell membranes", suggesting a lack of 
specificity with respect to particular glycerophospholipid ligands. We 
looked for but did not detect other lipid species such as lysophospha- 
tidylcholine, sphingosine or sphingosine-1-phosphate, sphingomyelin, 
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Figure 2 | E-SYT2 binds lipid-like molecules in the SMP hydrophobic 
channel. a, 2F, — F, electron density (1.0¢) into which the Triton X-100 
detergent and phosphoglycerol lipid were modelled; models after refinement 
are superimposed. Lipid head groups were not modelled. b, Final 2F, — F- 
electron density for lipid-like molecules. Protein atoms within 8 A of lipid are 
indicated. c, Positive mode, non-denaturing electrospray ionization (ESI) mass 
spectrum of E-SYT2 expressed in mammalian cells. In native conditions 

(20 mM ammonium acetate, pH 6.9) a conformation of apo E-SYT2 centred 
around the +16 charge state is the most abundant monomeric state (indicated 
as P); molecular weight = 57,032.4 + 1.6 Da. The most represented species 

in native conditions are dimers containing at least four lipid molecules (P2L,) 
with a charge state centred around +24. m/z, mass to charge ratio. d, An 


E-SYT2 construct that includes the SMP domain binds fluorescent NBD-PE, 
whereas the C2A—C2B arch alone does not. Proteins were incubated with 
fluorescent lipid, then analysed by native PAGE, which was examined for 
fluorescence (top) and stained by Coomassie (bottom). The band with the 
SMP-containing protein co-migrates with fluorescent PE. e, E-SYT2 preloaded 
with NBD-PE, then further purified, was incubated with phosphatidylcholine 
(PC), sphingomyelin (SM), ceramide (CER) or cholesterol (CH). Samples 
were visualized on native gels by fluorescence and Coomassie staining. 
Fluorescence signal was normalized to the amount of protein in each lane, 
which was assessed by Coomassie staining. The experiment was performed five 
times; error bars represent standard deviation. PC, but not any of the sterols, 
displaces NBD-PE. (See also Extended Data Fig. 7.) 
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any phosphoinositides, or notable amounts of ceramide. Nor were cho- 
lesterol esters, which are bound by CETP®, or cholesterol detected. 

When analysed by non-denaturing MS, E-SYT2 was found to occur 
both as monomer and dimer (Fig. 2c). The charge state distribution 
centred around + 16 represents monomers mainly in the apo form, cor- 
responding to a molecular weight of 57,030 dalton (Da) after deconvo- 
lution (Extended Data Fig. 6a). Only a low percentage of the monomers 
(~10%) were bound to one or two lipid molecules, with masses cor- 
responding to the main lipid species identified previously. Most of the 
protein was dimeric with a charge state distribution centred around 
+24. After deconvolution of this spectrum (Extended Data Figs 6b, c 
and 7), the molecular weight of the dimer is ~117,500 Da, suggesting 
the presence of at least four bound lipid molecules (assuming an aver- 
age mass of 750-800 Da per lipid). Almost no dimers were detected in 
the apo form. These findings indicate that dimerization is required for 
stable binding of the lipids. 

Binding to glycerophospholipids was also demonstrated in vitro by 
testing the ability of purified lipids to displace preloaded fluorescent 
7-nitrobenz-2-oxa-1,3-diazol-4-yl-1,2-dipalmitoyl-sn-glycero-3-phos- 
phoethanolamine (NBD-PE) from E-SYT2 (Fig. 2d, e). Incubation of 
preloaded E-SYT2 with PC displaced NBD-PE, as revealed by loss of 
fluorescence in the band corresponding to E-SYT2 in native polyacry- 
lamide gel electrophoresis (PAGE; Fig. 2e). In contrast, consistent with 
the MS results, cholesterol, sphingomyelin and ceramide did not dis- 
place PE, suggesting that they are not bound by E-SYT2 even when 
abundantly present. The greater rigidity of these lipids as compared to 
glycerophospholipids may prevent their entry into the E-SYT2 lipid- 
binding site. 

C2A and C2B both fold into type II C2 domains and are rigidly linked 
into an arch spanning ~70 A across (Fig. 3 shows best view of arch), as 
recently described’®. In the crystal structure, both C2A—C2B modules of 
the E-SYT2 dimer contact the same SMP domain, with different C2A-— 
C2B residues interacting with different patches on the SMP (Fig. la, 
left). Residues at the interfaces are not conserved (Extended Data Fig. 1), 
suggesting that the C2-SMP interactions are crystal contacts and that 
C2A-C2B does not interact with the SMP dimer in solution (Fig. 1b, 
right). Rather, the E-SYT2 C2A-—C2B fragment interacts with lipid bilayers 
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Figure 3 | ER-PM contact site and a model of E-SYT2. a, Schematic of a cell 
with an ER-PM contact site. b, “Tunnel model’ of E-SYT2, in which E-SYT2 
bridges the ER and PM to transfer lipids between them. The E-SYT2 SMP 
dimer is ~90 A long, so the ER and PM cannot be farther apart if E-SYT2 acts 
as a tunnel. E-SYT2 is anchored to the ER via its N-terminal region and to the 
PM via the C2C domain (PDB accession 2DMG). C2A-C2B interacts with 
membrane via loops at the ends of the arch and could interact with the ER, PM 
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inaCa** -dependent manner”. Accordingly, calcium-coordinating resi- 
dues were identified in loops at the end of the arch structure in C2A"*. 

The distance between the ER and PM membranes at contact sites is 
estimated at 100-300 A (refs 8, 18, 19). E-SYT2 spans this space with an 
N-terminal membrane anchor inserted into the ER and its C2C domain 
bound to the PM via an interaction with PI(4,5)P,, which is enriched 
there® (Fig. 3). Although C2C, when expressed alone, is recruited to the 
PM®*"’, we and others”’ did not observe any association of C2AA-C2B 
with a particular organelle in living cells. Given the geometric restraints 
imposed by domain dimensions and linker lengths, an interaction between 
C2A-C2B and the cytosolic surface of the ER is plausible and consistent 
with its previously observed acidic-phospholipid-independent mem- 
brane interactions’’. An interaction between C2A-C2B and the PM at 
very narrow ER-PM contacts (less than ~ 100 A), where it can reach 
the PM, is also plausible, however. 

The structure of the E-SYT2 SMP domain and identification of lipids 
in its hydrophobic channel conclusively establishes this domain as a 
lipid-binding module. The structural similarity of E-SYT2 to proteins 
in the TULIP superfamily, several of which function in lipid transfer 
extra-cytosolically”’*”’, further suggests a role in lipid transport. More- 
over, the presence of this module in proteins that localize to contacts 
between the ER and other membranes**”° strongly indicates a role in 
the transfer of lipids from their site of synthesis in the ER to these mem- 
branes, such as the PM in the case of E-SYT2. In answer to how such a 
transfer may take place, SMP dimers could in principle form a bridge 
between apposed membranes along which lipids are transferred (‘tunnel 
model’; Fig. 3), with their hydrophobic moieties sliding along the hydro- 
phobic channel and their hydrophilic head groups solvent exposed at 
the seam. CETP was proposed to function in exactly this manner to 
channel cholesterol esters between lipoprotein particles”. However, as 
it is only 90 A long, the E-SYT2 SMP dimer may be too short to span 
the inter-membrane space. Another possibility, plausible for ER-PM 
distances under ~200 A, is that the SMP dimer shuttles between mem- 
branes, extracting lipid from one and delivering it to the second (‘shuttle 
model’; Fig. 3). In a third, not mutually exclusive model, E-SYT2 func- 
tions in concert with other lipid transfer proteins to effect transport. 
This model is appealing because it does not require E-SYTs preferentially 
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or either, depending on the inter-membrane distance. The model is to scale. 
c, ‘Shuttle model’ of E-SYT2 tethering the ER and PM and drawn to scale. 
Length of unstructured linker regions is indicated in residues. At larger ER-PM 
distances, as shown here, C2A—C2B (C2AB) cannot reach the PM. The SMP 
dimer may shuttle lipids between the ER and PM, potentially together with 
partner proteins (labelled with a question mark). 
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to bind specific lipids, which could instead be selected by the partner 
proteins. Phosphatidylinositol transfer proteins (PITPs) and proteins 
in the OSH family are interesting candidates because they can interact 
with specific lipids” and are thought to function in lipid transfer at 
contact sites*”. 

The identification of E-SYTs as lipid transfer proteins represents an 
important step forward in dissecting the biology of ER-PM contact sites. 
Nevertheless, our work is also more generally applicable to other contact 
sites, such as ER-mitochondrial contacts, where the ERMES tethering 
complex is predicted to contain three SMP modules’”. We suspect that 
these hetero-dimerize in a head-to-head fashion, as observed in the 
E-SYT2 SMP homodimer, to form one or more lipid carrier modules 
with hydrophobic lipid-binding channels. 


METHODS SUMMARY 


Native or selenomethionine-substituted recombinant human E-SYT2 (residues 163- 
634) were overexpressed in and purified from Escherichia coli. The protein was crys- 
tallized by the hanging-drop method, equilibrating against mother liquor comprising 
100 mM malonic acid, imidazole and boric acid (MIB) buffer at pH 4.3-4.6 and 12.5- 
14% PEG 1500, and additionally 0.1 M Nal for the selenomethionine-substituted 
protein. We used the multi-wavelength anomalous dispersion method with the 
selenomethionine-substituted crystals for phasing (Extended Data Table 1). The 
structure was refined against data from native crystals (Extended Data Table 1). Struc- 
ture determination, MS analysis and in vitro lipid-binding assays are described in 
more detail in Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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BRCAI controls homologous recombination at 
Tus/ Ter-stalled mammalian replication forks 


Nicholas A. Willis', Gurushankar Chandramouly'+, Bin Huang'+, Amy Kwok't, Cindy Follonier”, Chuxia Deng? & Ralph Scully! 


Replication fork stalling can promote genomic instability, predis- 
posing to cancer and other diseases’ *. Stalled replication forks may 
be processed by sister chromatid recombination (SCR), generating 
error-free or error-prone homologous recombination (HR) outcomes**. 
In mammalian cells, a long-standing hypothesis proposes that the 
major hereditary breast/ovarian cancer predisposition gene products, 
BRCAI and BRCA2, control HR/SCR at stalled replication forks’. 
Although BRCA1 and BRCA2 affect replication fork processing’” ”, 
direct evidence that BRCA gene products regulate homologous re- 
combination at stalled chromosomal replication forks is lacking, due 
to a dearth of tools for studying this process. Here we report that the 
Escherichia coli Tus/Ter complex'** can be engineered to induce 
site-specific replication fork stalling and chromosomal HR/SCR in 
mouse cells. Tus/ Ter-induced homologous recombination entails pro- 
cessing of bidirectionally arrested forks. We find that the Brcal car- 
boxy (C)-terminal tandem BRCT repeat and regions of Brcal encoded 
by exon 11—two Brcal elements implicated in tumour suppression— 
control Tus/Ter-induced homologous recombination. Inactivation 
of either Brcal or Brca2 increases the absolute frequency of ‘long- 
tract’ gene conversions at Tus/Ter-stalled forks, an outcome not observed 
in response to a site-specific endonuclease-mediated chromosomal 
double-strand break. Therefore, homologous recombination at stalled 
forks is regulated differently from homologous recombination at 
double-strand breaks arising independently ofa replication fork. We 
propose that aberrant long-tract homologous recombination at stalled 
replication forks contributes to genomic instability and breast/ovarian 
cancer predisposition in BRCA mutant cells. 

Tus binds the 23 base pair (bp) Ter site to induce polar replication 
fork arrest in E. coli'*'*. To determine whether Tus/Ter can arrest mam- 
malian replisomes, we introduced six TerB sites into a plasmid contain- 
ing the Epstein-Barr virus nuclear antigen 1 (EBNA1)-binding origin 
of replication (p6 X TerOri, Fig. la). EBNA1 recruits mammalian repli- 
cation factors, mediating predominantly unidirectional plasmid repli- 
cation, due to a replication block at EBNA1-bound FR (family of repeats)”. 
In p6X TerOri, the major clockwise fork approaches the ‘non-permissive’ 
(fork-stalling) face of Tus/Ter (Fig. 1a). We used two-dimensional DNA 
gel electrophoresis with Southern blotting” to visualize replication through 
6X Ter. Transfection of 293E cells, which express EBNA] (ref. 19), with 
p6X TerOri and control empty vector revealed plasmid replication inter- 
mediates (arc A, Fig. 1b). Co-transfection of p6x TerOri and myc-tagged 
Tus revealed site-specific stalling of the clockwise fork (spot B, Fig. 1b, c 
and Extended Data Fig. 1). TusH144A, a Ter-binding-impaired mutant’®, 
induced minimal fork stalling. Reversal of 6x Ter to the ‘permissive’ 
orientation (6 REVTer, Fig. 1b) also supported Tus-dependent stal- 
ling of the clockwise fork, albeit less efficiently than non-permissive 
6X Ter (Fig. 1b, c). The FR/EBNA1 replication block is incomplete”. A 
weaker Tus/Ter-dependent double-Y spot (C, Fig. 1b and Extended Data 
Fig. 1) reflects bidirectional fork arrest at 6 x Ter. We estimate the FR/ 
EBNA1 and Tus/6x Ter replication block efficiencies as ~70% (Extended 
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Figure 1 | Tus/Ter-induced replication fork stalling in mammalian cells. 

a, EBNA1-driven plasmid replication. Ori, EBNA1-binding origin of 
replication. EBNA1-binding FR repeats impede the anticlockwise fork. Red 
triangle indicates the 6 Ter array (vertex, non-permissive end). Location of 
Southern blotting probe shown in black. b, Plasmid replication intermediates in 
293E cells transiently transfected with 6X Ter-containing plasmids or ‘no Ter 
control, co-transfected with empty vector (EV), TusH144A or Tus. Samples 
from one experiment of DNA digested with XmnI plus SnaBI and analysed by 
two-dimensional gel electrophoresis/Southern blotting. 6 REVTer: clockwise 
fork encounters permissive end of Ter. Arc A, replication fork. Spot B, 
Tus/Ter-stalled clockwise fork. Spot C, bidirectional fork arrest (double Y) at 
Tus/6X Ter, reflecting incomplete replication block at FR”. ¢, Stall spot B 
quantification, n = 5 (see Extended Data Fig. 1a). Error bars represent s.e.m. 
For Student’s t-test 6X Ter wild-type Tus versus any other, P< 0.01; 
6XREVTer wild-type Tus versus any other, P< 0.01. 6X Ter TusH144A versus 
6X Ter EV, P< 0.03. d, Upper panel, anti-myc immunoblot of 293E cells 
expressing empty vector (EV), Tus (WT) or TusH144A (H). Lower panel shows 
B-tubulin loading control. 
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Data Fig. 2). Thus, Tus/Ter mediates bidirectional site-specific arrest 
of mammalian replication forks. 

To determine whether Tus/Ter induces HR/SCR at a defined chro- 
mosomal locus in mammalian cells, we placed 6X Ter in a homologous 
recombination reporter of short- and long-tract gene conversion (termed 
STGC and LTGC, respectively) between sister chromatids”. Duplication 
ofa red fluorescent protein (RFP) cassette distinguishes LTGC (length = 
1252 bp; GFP* RFP") from STGC (length <1,252 bp; GEP* RFP’; Fig, 2a)”. 
6X Ter abuts an I-Scel site, interrupting an enhanced green fluorescent 
protein gene (6X Ter-I-Scel-GFP, Fig. 2a). Recombination of the stalled 
left-hand fork (Fig. 2a) with the 5’-truncated GFP copy (Tr-GFP) of the 
sister chromatid generates wild-type GFP. If chromosomal fork arrest 
were bidirectional, this could produce a two-ended break, generating 
predominantly STGCs (Fig. 2a and Extended Data Fig. 3a)**. In contrast, 
unidirectional fork arrest with one-ended breaks would favour LTGC, 
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Figure 2 | Tus/Ter-induced homologous recombination in mammalian 
cells. a, 6X Ter-HR reporter and major HR products (assuming two-ended 
breaks). STGC and short-tract gene conversion; LTGC, long-tract gene 
conversion. LTGC generates wild-type RFP expression through RNA 
splicing. Grey boxes, mutant GFP. Green box, wild-type GFP. Circles A 

and B represent 5’ and 3’ artificial RFP exons. Tr-GFP, 5’ truncated GFP. 
Red triangle indicates 6X Ter array adjacent to I-Scel site. B, BglII; GFP- 
hybridizing fragment sizes in kilobases. Bidirectional fork stalling triggers SCR. 
Green arrow, strand exchange. b, FACS data of Brcal®8*T 6x Ter-HR cells 
transfected with empty vector (EV), I-Scel, Tus or TusH144A. No Ter reporter, 
Breal"’®®“ cells carrying the ROSA26-targeted HR reporter lacking the Ter 
array~’. c, I-Scel- and Tus-induced HR (blue diamonds and orange circles, 
respectively) in three independent Breal‘/®*“ clones. Mean of triplicate 
samples, n = 3. Error bars represent s.e.m. Student’s t-test LTGC/total HR, 
I-Scel versus Tus: P = 0.0186. d, Southern blot analysis of Tus- and 
I-Scel-induced HR in Brcal/®®“T 6x Ter-HR cells (GFP probe). P, parental 
reporter; B, BglII digest; BI, BglII plus I-Scel digest. 
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and any STGCs arising from one-ended breaks would necessarily be 
terminated by non-canonical mechanisms (Extended Data Fig. 3b)”’. 

We targeted the 6 x Ter/HR reporter as a single copy to the ROSA26 
locus of mouse embryonic stem (ES) cell line 11CO/47T (Brea BROT, 
Brcal®® encodes a C-terminal truncated protein; the BRCT-encoding 
elements of Brea" can be conditionally deleted (generating Brea1*)?". 
Indeed, Tus, but not TusH144A, induced HR within 6X Ter/HR Brcal™?8T 
cells, the major HR product being STGC (Fig. 2b). Tus failed to induce HR 
in Breal'’®*“T cells containing a ROSA26-targeted HR reporter lacking 
the Ter array (Fig. 2b)’. Thus, Tus/Ter-induced chromosomal HR re- 
quires cognate Tus-Ter binding. The ratio LTGC/total HR, a measure 
of the probability that HR resolves as LTGC, was ~7% in three inde- 
pendent Tus-transfected clones (Fig. 2c and Extended Data Fig. 4a). Three 
additional independent clones of Brcal®8“T §s cells, each containing 
a single-copy randomly integrated chromosomal 6X Ter/HR reporter, 
behaved similarly (Extended Data Fig. 4b). The predominance of STGC 
and the consistent results at different loci suggested that Tus/Ter-induced 
HR entails bidirectional fork arrest (Extended Data Fig. 3a). We resolved 
this definitively by Southern blot analysis of Tus/Ter-induced STGCs. 
Unidirectional fork arrest/breakage (Extended Data Fig. 3b) could pro- 
duce a one-ended break, generating STGC products of variable size”’. 
In contrast, bidirectional fork arrest (Fig. 2a and Extended Data Fig. 3a) 
could produce a two-ended break, with STGC termination by anneal- 
ing. This would generate STGC products of fixed size, resembling the 
parental reporter but lacking the 6x Ter array or I-Scel site (Fig. 2a)”. 
Indeed, 44/44 Tus/Ter-induced STGCs in 6X Ter/HR reporter Breal’BRCT 
cells revealed this latter structure (Fig. 2d). As expected, I-Scel-induced 
HR behaved similarly (Fig. 2d). A second arrested fork (right-hand fork, 
Fig. 2a) must provide the homologous second end during Tus/Ter- 
induced STGC. Therefore, Tus/Ter-induced STGC is the product of 
bidirectional replication fork arrest. Overall, I-Scel-induced HR in 
Breal"!®®T 6x Ter/HR reporter cells was ~20% of that in isogenic 
ROSA26-targeted Brcal’®8T HR reporter cells, which lack a 6X Ter 
array (data not shown)’. The reasons for this difference are unclear. 

To investigate further the non-polar behaviour of Tus/Ter in mam- 
malian HR, we studied the Tus mutant F140A that binds duplex Ter with 
higher affinity than Tus but is defective for the Ter C-6 base-flipping 
‘locking’ mechanism that contributes to polar fork arrest in E. coli’®. 
TusF140A induced higher levels of HR than Tus in 6X Ter/HR Brea l/?8CT 
cells (Extended Data Fig. 4c, d), showing that the C-6 ‘lock’ is dispens- 
able for Tus/Ter-induced HR in mammalian cells. This might be ex- 
plained by the different polarities of the E. coli DnaB and vertebrate 
MCM replicative helicases. Ter C-6 is located on the leading strand 
of the fork approaching the non-permissive end of Ter. Unlike DnaB, 
which translocates along the lagging strand, the MCM helicase trans- 
locates along the leading strand and might occlude Ter C-6 within its 
barrel, thereby denying Tus access to the C-6 lock mechanism. To deter- 
mine the minimal number of Tus/Ter complexes needed for HR induc- 
tion, we generated reporters containing 3, 2 or 1 Ter sites (Extended Data 
Fig. 4e). We targeted each, in parallel, as a single copy to the ROSA26 
locus of Breal'/®®“T Es cells and found that a minimum of 3 Ter sites 
is required for robust Tus-induced HR (Extended Data Fig. 4f). We 
inverted the 6X Ter array orientation to generate a 6X REV Ter/HR re- 
porter. When targeted asa single copy to the ROSA26 locus of Brea1/?8°* 
ES cells, this reporter supported Tus-induced HR as robustly as the 
6X Ter/HR reporter (Extended Data Fig. 4f). Our findings do not ex- 
clude a polar component to Tus/Ter-induced fork stalling on a mam- 
malian chromosome but this polarity, if present, is relative and not 
absolute. 

Interstrand DNA crosslink repair of plasmids replicating in Xenopus 
laevis egg extracts entails endonucleolytic attack of bidirectionally stalled 
forks”. Interestingly, Tus/Ter-induced HR was suppressed by depletion 
of the endonuclease scaffold Slx4/FancP”’** to a greater extent than 
I-Scel-induced HR (Extended Data Fig. 5), indicating that Slx4 con- 
tributes specifically to Tus/Ter-induced HR. However, it is not clear 
whether Slx4 mediates endonucleolytic attack of stalled forks during 
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Tus/Ter-induced HR. Work in Schizosaccharomyces pombe suggests 
that alternative mechanisms, such as template switching, could medi- 
ate HR at stalled mammalian forks’. 

To determine whether BRCA1 regulates HR at stalled replication 
forks, we transduced 6 Ter/HR Breal"®®“ cells with adeno-Cre and 
screened for Brca1 loss (Fig. 3a). The resulting Breal/®®* cells are 
viable hypomorphs with growth characteristics similar to Brea l/?8°T 
cells’. We studied Tus-induced HR in three independent Cre-treated 
clones of each genotype (Fig. 3). Surprisingly, Tus-induced STGC in 
6X Ter/HR Breall?“ cells showed no reduction compared to Brea I! "®t 
cells, but LTGC was elevated twofold (Fig. 3b). Correspondingly, the 
probability of engaging LTGC during Tus/Ter-induced HR was doubled 
to ~15% (Fig. 3b). Consistent with our recent findings, I-Scel-induced 
HR in 6X Ter/HR Breall?“ cells was diminished and biased in favour 
of LTGC (Fig. 3b)”". Southern blot analysis of Tus/Ter-induced STGC 
and LTGC products in 6X Ter/HR Breal~/?® cells revealed patterns 
similar to Brcal’®8“ cells (Extended Data Fig. 6). However, in Brea1 pieRCL 
cells, 6/41 (15%) Tus/Ter-induced STGC and 3/15 (20%) LTGC clones 
retained an additional copy of the parental reporter (Extended Data 
Fig. 6). This was not separable by recloning, suggesting that it was retained 
by non-disjunction. A total of 4/41 (9.8%) I-Scel-induced STGC Brea ®t 
clones revealed non-disjunction; thus, non-disjunction is not specific 
to Tus/Ter-induced HR. The fact that the donor sister was unaltered 
during LTGC excludes crossing-over as a cause of the LTGC outcome 
in these clones*>”°. 
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Figure 3 | The Brcal tandem BRCT repeat regulates Tus/Ter-induced 
homologous recombination. a, Brcal gene in Brcal’®®“ ES cells. Breal>®* 
encodes a truncated protein. Cre converts Brea" to the exon 22-24-deleted 
BrceaI* allele. Grey boxes, Brcal exons; black triangles, loxP sites; 

pA, polyadenylation signal; SA, splice acceptor; neo: neomycin resistance gene; 
pgk, phosphoglycerate kinase promoter. b, Tus- and I-Scel-induced HR in 
BrcalY®8*T and Breal/?®“' 6x Ter-HR cells (three independent clones each). 
Mean of triplicate samples, n = 4. Error bars represent s.e.m. Student’s t-test 
Brcal’®8* versus Brcal‘/®®“ in all 6 panels P < 0.05. c, Upper panel, 
endogenous Brceal immunoblot in Breal’?®T and Breal“/?* ES cells. 
Asterisk indicates a background band. Lower panel, B-actin loading control. 
d, Quantitative polymerase chain reaction with reverse transcription 
(qRT-PCR) for Brcal mRNA. Exon 22-23 is deleted in Brcal*/®®“ cells. 
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Weasked whether Brcal domains additional to the BRCT repeat reg- 
ulate Tus/Ter-induced HR. Indeed, short interfering (sik NA)-mediated 
Brcal depletion suppressed STGC but increased LTGC in both Brcal weak 
and Brcal~®®* cells (Extended Data Fig. 7). In Brcal-depleted Breal EERE 
cells, ~40% of all HR products were LTGCs. More than half of the BRCA1 
polypeptide is encoded by exon 11, which is a target of inactivating 
germline mutations in hereditary breast/ovarian cancer; exon 11 is also 
alternatively spliced, generating an in-frame nuclear Aexon11 gene pro- 
duct that retains an N-terminal RING domain and C-terminal BRCT 
functions”’. To test whether Brcal exon 11 regulates Tus/Ter-induced 
HR, we targeted a single copy of the 6X Ter/HR reporter to the ROSA26 
locus of mouse Brea1'’**°""" ES cells. The Breal**°"" allele lacks exon 
11; exon 11 of Brca1" can be conditionally deleted to generate Brca1* 
(Fig. 4a)*, Note that Brca1" and Brca1* denote distinct Brea] alleles in 
the two Brcal conditional systems described here. Following adeno- 
Cre treatment, we retrieved 6% Ter/HR Breal/™*°"™" and 6X Ter/HR 
Brcal~**°""" clones. Each of three independent 6X Ter/HR Breal™/*°"" 
clones revealed reduced Tus/Ter-induced STGC but increased absolute 
frequencies of LTGC in comparison with three independent 6X Ter/ 
HR Breal’™*"™ clones (Fig. 4b). Deletion of Brcal exon 11 increased 
the probability of engaging Tus/Ter-induced LTGC ~4-fold to ~30% 
(Fig. 4b). In contrast, the absolute frequency of I-Scel-induced LTGC 
was reduced in Brcal*/"*°""' cells and ~20% of HR products were 
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Figure 4 | Brcal Exon11 regulates Tus/Ter-induced homologous 
recombination. a, Brcal gene in Breal*"™ §§ cells. The Breal=*°"!! 
encodes the Aexon11 product. Cre converts Breal" to exon11-deleted Brca1* 
allele. Symbols as in Fig. 3. PCR primers a, b and d shown. b, Tus- and 
I-Scel-induced HR in Breal"/™*""! and Breal’/™*°""! 6X Ter-HR cells 

(three independent clones each). Mean of triplicate samples, n = 4. Error bars 
represent s.e.m. Student’s t-test Breal’™*" versus Breal/?*°""', in all 6 
panels P< 0.005. c, Upper panel, endogenous Brcal immunoblot in 
Breal™!™°"") and Breal/"*°""" ES cells. The asterisk denotes a background 
band. The lower panel denotes a B-actin loading control. d, PCR genotyping 
of Brea"! and Breal*/"*°™™ clones from panel b. P, untargeted 
Brcal/>*"_ 5, empty (no DNA) control. Breal" product, 531 bp; Brcal* 
product, 621 bp. 
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LTGCs (Fig. 4b). Thus, Brcal exon 11 contributes to Tus/Ter-induced 
HR both quantitatively and qualitatively. 

To determine whether BRCA2/Rad51 regulates Tus/Ter-induced HR, 
we used siRNA to deplete Brca2 or Rad51 during HR induction. Deple- 
tion of Brca2 suppressed Tus/Ter-induced STGC but elevated LTGC 
frequencies in both Breal/?8“ and Brcal~/"*“" cells (Extended Data 
Fig. 8). In Breal MBRCT and Brcal/PR cells depleted of Brca2, ~30% 
and ~50% respectively of all Tus/Ter-induced HR products were LTGCs, 
whereas the equivalent probabilities for Rad51-depleted cells were ~40% 
and ~70% (Extended Data Fig. 9). Thus, suppression of LTGC at stalled 
forks is a shared function of BRCA1, BRCA2 and Rad51. Inhibition of 
53BP1 partially reversed defective I-Scel-induced HR in Brcal/?8*T 
cells, as expected”, but did not affect Tus/Ter-induced HR in either 
Breal™!®8 oy Brcal™/?8 cells (Extended Data Fig. 10). This sug- 
gests that BRCA1’s functions in Tus/Ter-induced and Scel-induced 
HRare, in part, distinct. LTGC at stalled forks may include pathological 
responses analogous to break-induced replication in yeast**””*°. Our 
work identifies loss of BRCA1/BRCA2/Rad51-dependent suppression 
of LTGC at stalled replication forks as a potential contributor to breast/ 
ovarian cancer predisposition. 


METHODS SUMMARY 


A description of the molecular biology methods, cell culture and recombination 
assays can be found in the full Methods. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Structural rearrangements of a polyKetide synthase 
module during its catalytic cycle 
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The polyketide synthase (PKS) mega-enzyme assembly line uses a 
modular architecture to synthesize diverse and bioactive natural pro- 
ducts that often constitute the core structures or complete chemical 
entities for many clinically approved therapeutic agents’. The archi- 
tecture of a full-length PKS module from the pikromycin pathway 
of Streptomyces venezuelae creates a reaction chamber for the intra- 
module acyl carrier protein (ACP) domain that carries building blocks 
and intermediates between acyltransferase, ketosynthase and keto- 
reductase active sites (see accompanying paper’). Here we determine 
electron cryo-microscopy structures ofa full-length pikromycin PKS 
module in three key biochemical states of its catalytic cycle. Each 
biochemical state was confirmed by bottom-up liquid chromato- 
graphy/Fourier transform ion cyclotron resonance mass spectrometry. 
The ACP domain is differentially and precisely positioned after poly- 
ketide chain substrate loading on the active site of the ketosynthase, 


$1438 4 


Figure 1 | Cryo-EM structure of pentaketide-KS;-PikAIII. a, Solid 
rendering (left) and transparent representation with modelled structures 
(right) of the pentaketide-KS.-PikAIII cryo-EM map. b, Interface of AT’” and 
ACP" docked within the cryo-EM density. ACP helix 2 (residues 1439-1452) 
contacts the two AT lid helices (residues 701-709 and 732-744). The 
phosphopantetheinylated Ser 1438 of ACP is 35 A from the AT active site. 


after extension to the B-keto intermediate, and after B-hydroxy pro- 
duct generation. The structures reveal the ACP dynamics for sequen- 
tial interactions with catalytic domains within the reaction chamber, 
and for transferring the elongated and processed polyketide substrate 
to the next module in the PKS pathway. During the enzymatic cycle 
the ketoreductase domain undergoes dramatic conformational rear- 
rangements that enable optimal positioning for reductive proces- 
sing of the ACP-bound polyketide chain elongation intermediate. 
These findings have crucial implications for the design of functional 
PKS modules, and for the engineering of pathways to generate phar- 
macologically relevant molecules. 

Modular PKSs produce chemically diverse polyketide natural pro- 
ducts that account for a large number of pharmaceutical compounds’. 
The modular organization of these enzyme assembly lines provides impor- 
tant opportunities for synthetic biology applications and bioengineering*>. 


Holo-PikAlll 


Pentaketide-KS,—PikAIII 


a. 


c, Comparison of the KR structure’* docked in the cryo-EM map for 
holo-PikAIII and pentaketide-KS;—PikAIII. The dramatic rearrangement 
upon pentaketide-KS formation brings two helices (residues 1126-1138, 
1156-1166) of the KR catalytic subdomain (KR, magenta) in contact with 
an AT helix (residues 760-775) and moves the structural subdomain of KR 
(KRetrucs purple) away from AT. 
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However, many combinatorial biosynthesis efforts have been beset by 
problems of inefficiency and a limited ability to display ‘plug and play’ 
behaviour® *. Thus, there is a critical need to dissect and understand the 
bacterial type I PKS module architecture and its conformational dynamics 
during polyketide chain elongation and processing. 

Each module in the bacterial type I PKS catalyses the elongation of 
an intermediate by two carbon atoms in a linear sequence, and may 
also modify the intermediate by reductive processing or B-branching?. 
An ACP domain within each module shuttles extender units and poly- 
ketide chain elongation intermediates between the catalytic domains. 
In an accompanying paper’, we describe the overall architecture of PKS 
module 5 (PikAIII) from the pikromycin pathway (Pik)’®. This PKS 
module is organized around a dimeric ketosynthase (KS) domain anda 
central chamber for the ACP, with the active sites of catalytic domains 
facing the chamber. Here we examined the dynamics of the PikAIII 
module 5 ACP (ACP3) within the reaction chamber of PikAIII to probe 
its localization and underlying protein-protein interactions during the 
catalytic cycle. Within PikAIII, the acyltransferase (AT;) loads ACPs with 
a methylmalonyl (MM) extender unit, and the KS (KS;) catalyses a decar- 
boxylative condensation reaction between the MM group and the pen- 
taketide delivered by the module 4 ACP to produce a B-ketohexaketide 
intermediate. The B-hydroxyhexaketide product is subsequently gener- 
ated through NADPH-dependent reduction by the ketoreductase (KRs) 
domain of PikAIII. 

Incubation of full-length holo-PikAIII with thiophenol-activated 
pentaketide"’ generated pentaketide—PikAIII, in which this natural sub- 
strate was bound to the catalytic Cys 209 of KS; (Extended Data Fig. lac). 
The three-dimensional electron cryo-microscopy (cryo-EM) map of 
pentaketide-KS;—PikAIII was calculated at a resolution of 7.9 A (Ex- 
tended Data Fig. 2a, d), enabling precise docking of the structures of 
6-deoxyerythronolide B synthase (DEBS) module 5 KS and AT’’, DEBS 
module 1 KR’’, and DEBS module 2 ACP“. This EM reconstruction 
revealed several striking conformational changes compared to the struc- 
ture of holo-PikAIII (Fig. 1a)’. The AT; moves towards KS; by ~2 A 
and partially occludes the side entrance to the KS; active site (Extended 
Data Fig. 3a), which may sequester the labile polyketide intermediate 
until the extension reaction occurs. In addition, several loops on the KS 
surface appear to have changed position and additional densities appear 
at the bottom of the KS, below the catalytic Cys 209 (Extended Data 
Fig. 3a, b). These KS conformational changes upon pentaketide load- 
ing on Cys 209 may be allosterically sensed by the AT domains, lead- 
ing to the AT; shift. Pentaketide-induced conformational changes are 
also evident in the position of ACP, which shifts 10 A and 30 A towards 
AT; from its positions in the two holo-PikAIII conformers’. In this 
position ACP; appears to insert helix 2 between the two helices of the 
ATs lid subdomain (Fig. 1b). The interaction requires small confor- 
mational changes to one or both domains, although the details are not 
discernable in the EM maps. The reactive Ser 1438 of ACP; is directed 
towards the AT; active site, presumably poising the ACP for loading 
with the MM extender unit by the AT domain. We probed the ACP- 
AT interface with single alanine substitutions in ATs of the PikAIII- 
TE protein used for functional assays'*’* (PikAIII fused to PikAIV TE, 
the module 6 thioesterase domain). AT; Glu 735 is in the ACP, con- 
tact zone, while Arg 747, approximately 20 A from the AT; active site, 
was predicted to reside in the ACP docking site of a DEBS AT"”. Con- 
sistent with the cryo-EM results, the E735A or the R747A PikAIII-TE 
mutants exhibited tenfold and fivefold reduced formation of the 10- 
deoxymethynolide (10-dml) macrolactone product, respectively (Ex- 
tended Data Fig. 4). 

The most surprising feature of the pentaketide-KS;-PikAIII structure 
is that KR; has undergone an end-to-end flip compared to the holo- 
PikAIII reconstruction (Fig. 1c). This finding suggests that the pentaketide- 
induced repositioning of AT; and ACP; also affects the AT;-KRs linker, 
causing the large rotation of KR;. The end-to-end flip does not tangle 
the PikAIII topology, as the linker connections (residues 916 and 1360) 
are adjacent in KR; and reside at the junction of the structural (KRsstruc) 
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Figure 2 | Cryo-EM structure of B-ketohexaketide-PikAIII. a, Solid 
rendering (left) and transparent representation (right) with modelled 
structures of the B-ketohexaketide-PikAIII cryo-EM map. b, Comparison of 
the KS-AT interface between holo-PikAIII (left) and B-ketohexaketide- 
PikAIII (right). Polyketide chain extension results in an 8 A shift and rotation 
of AT towards the KS. c, ACP interaction with KR. ACP interacts with the KR 
lid helix (residues 1302-1309) and lid loop (1293-1301) to position ACP 

Ser 1438 near the NADPH-binding cleft. 
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and catalytic (KRscat) subdomains. The ~180° KR; rotation positions 
the catalytic domain proximal to ATs, with the AT;-KR; interface formed 
by an AT; helix and two KRscat helices. Specifically, KRs Arg 1133 and 
His 1137 are positioned to interact with AT; Glu 766 or Glu 768. We 
confirmed the importance of the KRs-a,-ATs interface for catalytic func- 
tion with R1133E, H1137E, E766R and E768R substitutions, which 
had 2- to 15-fold reduced activity relative to the wild-type PikAIN-TE 
(Extended Data Fig. 4). By contrast, substitution of a KRs.truc residue 
at the KRsstruc-ATs interface of holo-PikAIII had no impact on pro- 
duction of 10-dml’. The end-to-end KR; flip, together with the unre- 
lated repositioning of KR; observed upon ACP; deletion’, indicates that 
its orientation depends on the state of other PikAIII domains. 

To characterize the architecture of PikAIII, in which the B-ketohexaketide 
chain elongation intermediate is tethered to ACPs, we incubated holo- 
PikAIII with both MM-coenzyme A (CoA) and thiophenol-activated 
pentaketide (Extended Data Fig. 1d-i). The three-dimensional cryo- 
EM structure of B-ketohexaketide-PikAIII at 7.8 A resolution (Extended 
Data Fig. 2b, d) reveals the same overall PikAIII conformation of the 
catalytic domains as observed for pentaketide-KS;5-PikAIII, with the 
KR; catalytic domain proximal to AT; (Fig. 2a). Furthermore, in the B- 
ketohexaketide-PikAIII structure, AT; is shifted towards KS; by 8A 
compared with the holo state and occludes the KS; side entrance (Fig. 2b), 
probably preventing intermediate transfer from the upstream PikAII 
ACP, to the KS; active site. 

KR domains catalyse the NADPH-dependent reduction of the B-keto 
group to form either a D- (B-type KR) or L- (A-type KR) hydroxyl group. 
To form the two hydroxyl group stereochemistries, A- and B-type KRs 
are proposed to guide substrates into their active sites from opposite 
directions'*” through the differential ordering of the KR ‘lid loop’ and 


‘lid helix’ upon cofactor and substrate binding”. The B-ketohexaketide 
ACPs docks with the ‘lid helix’ and ‘lid loop’ of the A-type KRs, with 
ACP; Ser 1438 pointing towards the KR; active site at a distance of 19 A 
(Fig. 2c). Given the long linker between KR and ACP (43 amino acids), 
it is unclear whether ACP, interacts with the KR, of the same or the 
opposite monomer. An R1308E substitution in the KR; lid helix reduced 
activity tenfold compared with wild type, validating the observed dock- 
ing site (Extended Data Fig. 4a, b). From this position, a B-keto ACP 
substrate can enter the KR active site from either direction, facilitating 
formation of B-hydroxy products of KR-specified chirality’. Thus, the 
observed ACP docking site on the KR is a general solution for PKS mod- 
ules with either A- or B-type KRs. 

To form B-hydroxyhexaketide—-PikAIII, we incubated holo-PikAIII 
with MM-CoA, thiophenol-activated pentaketide and NADPH (Extended 
Data Fig. 1j), and applied cryo-EM to obtain its structure. During initial 
three-dimensional reconstructions we observed three different positions 
for ACP; and applied multiple-reference-supervised classification to 
calculate three independent three-dimensional reconstructions at res- 
olutions of ~11 A (Fig. 3a and Extended Data Fig. 2c, d)?*. In all three 
conformers the catalytic domains are identically positioned, with the 
KS, side entrance occluded and the KR; domain oriented with its active 
site proximal to ATs, as is the case with the pentaketide—-PikAIII and p- 
ketohexaketide—PikAIII structures. In each conformer the ACP; domains 
are below the KRs.ruc and completely outside the catalytic chamber 
(Fig. 3b). The ACP structure can be precisely docked within each cor- 
responding density in all three states, indicating that the three positions 
are highly populated and that ACP; is not particularly flexible under 
these conditions (Fig. 3b, c). In these configurations, Ser 1438 of ACP; 
points away from PikAIII, which is fully compatible with ACP, docking 


Figure 3 | Cryo-EM structures of B-hydroxyhexaketide-PikAIII. a, Solid 
rendering of cryo-EM maps for the three conformers (i, ii and iii) of 
B-hydroxyhexaketide-PikAIII. The ACP density is differentially coloured with 
magenta, yellow and cyan. Right, a transparent representation with modelled 
structures of the adjacent $-hydroxyhexaketide-PikAIII conformer. 

b, Docking of the ACP structure'* in the corresponding density map of each 
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B-hydroxyhexaketide-PikAIII conformer shows that Ser 1438 invariably 
points away from the module. The ACP structures are coloured according to 
the conformers in a. c, Bottom view of overlay of the three cryo-EM maps of 
B-hydroxyhexaketide-PikAIII. The three different ACP positions cover a 
surface with a radius of 15 A. 
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Pentaketide 
(=) 


State 1 


State 2 


Figure 4 | Schematic of substrate processing in PikAIII. Transfer of the 
upstream intermediate (pentaketide, yellow line) to the KS domain (blue with 
yellow active site) of holo-PikAIII (state 1) induces an end-to-end flip of the KR 
domain (purple, yellow active site) and positions the ACP domain (orange, 
yellow active serine) at the AT domain (green, yellow active site) (state 2). MM 
(red line) loading positions the ACP at the bottom entrance of the KS (state 3). 


to the KS, side entrance of PikAIV for substrate transfer”. This demon- 
strates the mechanism to maintain the directionality of PKS pathways, 
because only when the substrate is completely modified is the ACP 
ejected from the reaction chamber and positioned for transfer to the 
next module (Fig. 4). Consistent with this mechanism, when NADPH 
was excluded from a coupled PikAIII/PikAIV assay”’, thus preventing 
B-hydroxyhexaketide formation, substrate consumption was halved, 
indicating that intermediate transfer from PikAIII to PikAIV is impaired 
when ACP is sequestered within the reaction chamber (Extended Data 
Fig. 5). 

Our studies capture the travels of PikAIII ACP; in the reaction cham- 
ber of a complete PKS module and reveal a stunning ACP localization 
dependent on the identity of the phosphopantetheine-linked polyketide 
intermediate or extender unit (Fig. 4). The cryo-EM structures iden- 
tified interaction surfaces for ACP; on each of the catalytic domains, 
differing in all cases from predicted sites, and confirmed by site-directed 
mutagenesis. The interacting surfaces of ACP; are generally charge- 
complementary with partner catalytic domains, and similar to those 
recently observed in other ACP-enzyme interactions*”’’*. Interest- 
ingly, ACP, does not engage in specific protein-protein interactions 
with catalytic domains unless the appropriate substrate is loaded, indi- 
cating that tethered substrate is a primary determinant of ACPs local- 
ization. However, the high level of ordering observed for ACP does not 
apply to the post-ACP elements. The post-ACP helices, while essential 
for PikAIII dimerization, do not appear to be in a fixed position rela- 
tive to the other PikAIII domains, suggesting that docked or fused down- 
stream modules would also not assume a fixed position relative to the 
upstream module. Remarkably, the cryo-EM structures also demonstrate 
the existence of interdomain cross-talk within the module, evidenced 
both by the end-to-end flip of the KR; that positions its active site to 
interact with the B-ketohexaketide-loaded ACP and by movements of 
AT; that appear to limit access to the KS; active-site side entrance. Both 
structural transitions occur when the module contains pentaketide or 
hexaketide intermediates, indicating that the operation of the assembly 
line sets the conformational state of the PKS module and positions the 
domains for the next catalytic step. This clever design of the PKS module 
leads to optimal throughput, in which substrate availability and the rates 
of catalysis, rather than transfer rates, are probably the limiting steps in 
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State 5 


State 6 


KS-catalysed extension of the pentaketide to a h-ketohexaketide (red-yellow 
line) positions the ACP at the KR domain (state 4). KR-catalysed reduction of 
the B-ketohexaketide to B-hydroxyhexaketide (green line) ejects the ACP out of 
the central chamber (state 5) and into position for intermediate transfer to 
PikAIV (state 6). 


the catalytic cycle of type I modular megasynthases. The striking influ- 
ence of substrate in the positioning and orientation of ACP, KRand AT 
has profound implications for the design of PKS modules. Although 
considerable optimization may be needed in adapting modules to unnat- 
ural substrates or in developing effective combinatorial biosynthesis 
approaches, the detailed insights revealed in this study provide a new 
structural framework from which to pursue these efforts. 


METHODS SUMMARY 


PikAIII for cryo-EM analysis was purified by Ni-affinity chromatography followed 
by duplicate gel filtration steps. To trap PikAIII in different states, the purified proteins 
were incubated with substrate, and adsorbed on holey carbon grids followed by 
blotting and vitrification. Bottom-up liquid chromatography/Fourier transform ion 
cyclotron resonance mass spectrometry (LC/FT-ICR MS) confirmed substrate load- 
ing onto the PikAIII variants. All specimens were imaged on a Tecnai F20 trans- 
mission electron microscope (FEI) equipped with a field emission gun operated at 
120kV. Images were recorded at a magnification of 66,964 on a Gatan US4000 
CCD camera and defocus values ranging from —1.5 to —3.5 um. EMAN routines 
were used for particle picking, generation of an initial model, and model refine- 
ment. Crystal structures of domains were independently fit in the EM maps as rigid 
bodies. Functional assays that require intermediate processing by PikAIII detected 
TE-offloaded products from PikAIII-TE or PikAIII/PikAIV'**. 


Online Content Any additional Methods, Extended Data display items and Source 
Data are available in the online version of the paper; references unique to these 
sections appear only in the online paper. 
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Behind the scenes 


Early-career researchers who help to organize conferences 
develop crucial skills that go beyond just booking speakers. 


BY CAMERON WALKER 


hen Erin Eastwood's adviser sug- 
gested in January that their labora- 
tory should organize a symposium, 


the graduate student had several questions, 
including a very basic one: what exactly is a 
symposium? Now Eastwood, who is studying 
for a master’s degree in conservation biology 
at Columbia University in New York, inti- 
mately understands the meaning of the word: 
along with several others in her lab, she has 
developed a symposium topic and talks, and 
has contacted researchers in the field, none 
of whom she had met before, to speak at the 


Society for Conservation Biology’s Oceania 
Section meeting in Fiji in July. 

As a result, Eastwood has considerably 
expanded her network in the South Pacific, 
where she hopes to continue doing research, 
and will soon meet her new contacts face to 
face. “This is great for me, to not only identify 
the people who I should be connecting with, but 
also getting to know them in person,’ she says. 

Building a professional network by finding 
speakers is just one of the many benefits that 
early-career researchers can gain from organ- 
izing scientific meetings. Like Eastwood, they 
might also need to write abstracts for sympo- 
sium topics and for individual talks. But the 
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process might be even more involved — it 
could mean planning a year or more ahead of 
the event to find venues, apply for funding and 
approach conference sponsors. At the meet- 
ing, volunteers can hone their public-speaking 
skills by introducing speakers and kicking off 
follow-up questions after the talk. And they 
will find out how to develop a symposium 
that will address controversial issues in a bal- 
anced way, how to plan for a certain number 
of attendees, and how to determine the right 
length of time for a meeting to last. In addition, 
they will learn how to respond to unexpected 
challenges, such as last-minute programme 
changes or faulty audio-visual equipment. 

Anne-Marie Glynn rapidly acquired novel 
skills as a PhD student while helping to organ- 
ize the 2005 PhD Student Symposium for 
the European Molecular Biology Laboratory 
(EMBL) in Heidelberg, Germany. She and 
other student organizers had to solicit fund- 
ing from industry, where they had no contacts, 
and write financial and scientific reports for a 
funder, which they had never done before. Sev- 
eral speakers cancelled at the eleventh hour. In 
one case, she and other organizers arranged 
a remote-video presentation for a speaker in 
Australia who was no longer able to attend. “No 
matter how well prepared you are, you won't 
have all eventualities covered,” she says, adding 
that the need to think quickly and to handle 
the unexpected makes conference organizing 
an excellent learning experience. 

The annual EMBL PhD symposium is one 
of many conferences that are aimed at early- 
career scientists. PhD students are encouraged 
to organize the three-day event, helping them 
to learn about conference creating. And many 
other scientific organizations are also eager for 
young scientists to come on board during the 
planning of workshops and conferences for 
researchers at all levels. 

Conferences are professional-development 
opportunities in terms of both the information 
shared there and the organizing process itself, 
says Jodi Wesemann, assistant director for 
educational research at the American Chemi- 
cal Society in Washington DC. A conference 
is richer when its organizers are diverse (see 
‘Organizing for diversity’), and Wesemann says 
that early-career scientists are a key part of the 
scientific enterprise. She notes that such scien- 
tists often gravitate towards organizing sympo- 
sia on cutting-edge topics and encourage more 
career- and professional-development ses- 
sions, as the organization’s Younger Chemists 
Committee has done at past conferences. 
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>  Less-experienced volunteers might fear 
that they do not have the skills or connections 
to organize a symposium. But Wesemann says 
that volunteering is a safe place to hone exist- 
ing skills and develop new ones. First-time 
organizers can seek advice on new tasks from 
more-experienced colleagues in addition to 
enhancing their existing skills, such as improv- 
ing fluency with abstract-submission software. 

“A lot of symposium-organizing is making 
it happen,” says Wesemann, and that could 
involve simply asking to be included. 

As a graduate student in the Scott Polar 
Research Institute at the University of Cam- 
bridge, UK, Allen Pope volunteered as an 
organizer of a career-skills workshop spon- 
sored by the UK Polar Network, a branch of 
the Association of Polar Early Career Scien- 
tists. With that and subsequent work for these 
organizations under his belt, he approached 
the cryosphere division of the American 
Geophysical Union (AGU), which focuses on 
Earth's frozen regions, to ask whether early- 
career scientists could help to put sessions 
together. He ended up co-convening a session 
on mountain glaciers and their response to cli- 
mate change at the AGU Fall Meeting in 2011. 

Asa first-timer, Pope learned the nuts and 
bolts of operating electronic session timers 
and using audio-visual equipment so that he 
could help speakers who were unfamiliar with 
the technology — and also so that he knew 
how to use them when his own talk came up. 
It was “much less daunting” when he knew he 
did not have to fumble with the equipment, 
says Pope, now a postdoctoral researcher at 
the National Snow & Ice Data Center in Boul- 
der, Colorado. 

Praveena Chackrapani, a recent graduate 
of the master’s pro- 
gramme in environ- 
mental monitoring 
and management at 
the Malaysia cam- 
pus of the Univer- 
sity of Nottingham 
in Semenyih, has 
become immersed 
in conference organ- 
izing. As a full-time 
coordinator for the 


Society forConserva- ., , 

tion Biology’s biennial This is great 
Asia Section meet- for me, to not 

ing in August, her only identify 
tasks include sorting the people who 
incoming abstracts Ishould be 

and registrations; connecting with, 
seeking sponsorships but also getting 
to offset conference toknowthemin 
and speaker costs; person. ” 


coordinating work- 
shops held before and 
after the conference; planning event food menus 
with caterers; and working with a web manager 
to update and maintain the conference website. 


Erin Eastwood 
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ORGANIZING FOR DIVERSITY 


Balanced conferences encourage female scientists 


When female scientists help to organize 
conferences, the speaker roster tends 

to shift in a way that may be good for 
other female researchers and, arguably, 
for science overall, according to a study 
published in January (A. Casadevall and 

J. Handelsman mBio 5, e00846-13; 2014). 
The analysis, which included nearly 2,000 
speakers at plenary sessions and symposia 
at several microbiology meetings between 
2011 and 2013, showed that symposia 
organized by committees that included 

at least one woman had up to 74% more 
female speakers than symposia organized 
by all-male committees. Co-author 

Arturo Casadevall, a microbiologist and 
immunologist at the Albert Einstein 
College of Medicine at Yeshiva University 
in New York, said that although more 

data are needed, it is possible that female 
conveners are more aware of the need for 
gender balance and might seek out female 
speakers. 

Some societies provide guidelines for 
achieving gender balance. For example, the 
European Molecular Biology Organization 
calls for at least 30% of the speakers on 


Chackrapani says that six months of confer- 
ence organizing have provided an intensive 
dose of the soft skills that were tougher for her 
to pick up in her previous career as an engineer. 
And she has also widened her contact network 
to include people she has worked with locally 
and the hundreds of delegates and speakers 
who will arrive in Malaysia in a few weeks. “You 
have to speak to sponsors, you have to deal with 
government, you have to network with all these 
famous, world-renowned scientists,’ she says. 

The organizing process itself can make this 
last step easier, giving a younger scientist the 
confidence to approach more-experienced and 
highly celebrated researchers. “A lot of graduate 
students and early-career faculty feel that they're 
not worthy of talking to the ‘big’ people,’ says 
Josh Drew, a conservation biologist at Colum- 
bia, and Eastwood's adviser. Connection to the 
conference or society gives them a way into the 
circle that forms, sometimes literally, around 
renowned scientists, he says. “This title — sym- 
posium organizer — gives [other scientists] a 
reason to speak with them. It gives that e-mail 
the gravitas of the organization behind it” 

Junior scientists might feel unsure about 
requesting time away from their research to 
arrange conferences or workshops. But in 
many cases, such activities benefit the entire 
laboratory. By pulling together a symposium 
based on their lab’s research interests, the 
students in Drew’s Columbia laboratory not 
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workshops and courses to be female. Other 
professional organizations have also begun 
to look at gender balance at conferences. 
The American Astronomical Society’s 
Committee on the Status of Women in 
Astronomy has been tracking the numbers 
of male and female speakers at astronomy 
conferences and offers advice for organizing 
committees on how to increase diversity. 
Katayun Kamdin, a physics graduate 
student at the University of California, 
Berkeley, used her role as a conference 
organizer to encourage women in her 
field. At the American Physical Society’s 
West Coast Conference for Undergraduate 
Women in Physics in January, which 
drew more than 150 women, she and 
her colleagues brought in career panels 
that included female researchers in 
both industry and academic institutions. 
Post-conference surveys showed that 
attendees left more enthusiastic about their 
options, more confident about applying to 
graduate school and less likely to consider 
an academic track as their only choice. “It 
made a difference in what students could 
see as possible career paths,” she says. C.W. 


only took some work off his plate but also 
enhanced Drew’s own network. “Students are 
able to identify collaborations that might not 
be on your radar as a faculty member,’ he says. 
Plus, he adds, being able to point to his current 
students’ accomplishments in an arena outside 
the lab allows him to show potential gradu- 
ate students what their career-development 
opportunities might be should they choose to 
join his laboratory. 

Matt Mio is an organic chemist at the Uni- 
versity of Detroit Mercy in Michigan and 
chairs an advisory board at the American 
Chemical Society that brings undergradu- 
ates and student organizers to meetings. He 
says that encouraging young scientists to get 
involved in conference organizing is impor- 
tant for senior researchers who are interested 
in training the next generation and keeping 
their fields alive, and that junior scientists 
need to develop skills beyond those taught 
in an academic setting, including leadership, 
communication, task delegation and people 
management. Organizing and managing con- 
ferences and their logistics is a way to develop 
and exercise these skills, he says. “Show me the 
other place in their training, not in the class- 
room or the lab, where they're getting that kind 
of instruction” = 


Cameron Walker is a freelance writer in 
Santa Barbara, California. 
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TURNING POINT 


Katharine Hayhoe 


The US government last month released the 
third National Climate Assessment — a 
report on climate-change impacts across the 
United States — with Canadian Katharine 
Hayhoe as a lead author. Hayhoe, who is 
director of the Texas Tech University Climate 
Science Center in Lubbock, describes her 
evolution as a science communicator. 


Did you set out to study climate change? 

No. I double-majored in astronomy and 
physics at the University of Toronto in Can- 
ada, but my interests shifted after I took a 
course on climate change. I was shocked by 
the magnitude of the problem as well as by 
the fact that nonlinear fluid dynamics is at 
the core of climate models. All of a sudden, I 
realized I'd been developing the skills neces- 
sary to study an urgent global problem. After 
getting my master’s degree at the University 
of Illinois at Urbana-Champaign, I decided 
to become a consultant to help industry, 
government and non-profit clients to assess 
the impacts of climate change. 


Did any consulting job alter your career? 

Yes, I started working on the impact of cli- 
mate change on the ecology of the Great Lakes 
region with funding from the Union of Con- 
cerned Scientists in Cambridge, Massachu- 
setts, and the Ecological Society of America in 
Washington DC. It was an eye-opener to find 
that ecologists were using 20-year-old climate 
projections, which were considered obsolete 
in atmospheric science; I realized how huge 
the gap was between climate science and all 
other areas of science. Working on the result- 
ing report, Confronting Climate Change in the 
Great Lakes Region, was a pivotal moment 
for me because it clarified the importance of 
generating high-resolution information and 
translating it into something that ecologists 
and water managers could use. I became frus- 
trated by the limitations of the available tools, 
so I decided to return to academia. 


How did you end up in Texas? 

While on sabbatical from Notre Dame Uni- 
versity in Indiana, my husband, a linguistics 
professor and pastor, was invited to Lubbock 
to serve as an interim pastor at a local church. 
Texas Tech University had an atmospheric- 
sciences programme, so we decided to move, 
and I got a grant-supported research-profes- 
sor position. Climate change isn’t a popular 
topic in some US communities, especially in 
conservative states, so it was stressful to move 
to a place where we knew that at least some 


- 


people in the community would be strongly 
opposed to what I do. But embracing the 
unexpected has been enormously positive 
for my career. I later went back to the Univer- 
sity of Illinois to earn my PhD so I would be 
eligible for tenure at Texas Tech. 


How did you become a voice for climate 
adaptation? 

Soon after we moved to Texas, I was invited 
to speak at a women’s group about climate 
change. The questions I got, such as “How 
do you know this ist just a natural cycle?” 
and “Aren't the ice caps on Mars shrinking 
too, so it’s the Sun’s effect?”, challenged me 
to find answers. Shortly thereafter, I started 
getting invitations to speak for other groups, 
and my husband's congregation began asking 
questions. Before long, we co-wrote a book, A 
Climate for Change. Writing this book felt like 
I was exposing my world views as a Christian. 
I believe the idea that scientists are completely 
objective is a myth. The only legitimate way 
to do science is to admit our views and, where 
appropriate, share them with others. 


How did you approach the US National 
Climate Assessment? 

We aimed to make sure the science could 
be communicated. We wanted to make the 
best-available science accessible to every per- 
son who is interested. So we included videos 
of scientists explaining climate change and 
answered common, specific questions, such 
as why we think it’s haman-caused instead of 
a part of a natural cycle. I think those efforts 
helped us to achieve the high level of inter- 
est that this report received compared to our 
past assessments. m 
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CAREERS 


FUNDING 


Salk windfall 


A US$25-million gift to the Salk 
Institute for Biological Studies in La 
Jolla, California, is creating hiring 
opportunities in four research areas for 
scientists at all career stages. The bequest 
will help the institute to move into 
innovative areas of research, says Marsha 
Chandler, Salk’s executive vice-president. 
Salkis recruiting researchers 

in cancer, metabolism and neuroscience, 
and Chandler says that the gift will 

help the institute to bring in more 
computational infrastructure and 
expertise to support these and other 
research areas. The bequest is from 
philanthropist Conrad Prebys and puts 
Salk within sight of its $300-million fund- 
raising goal, Chandler says. 


RECRUITMENT 


Sweden looks abroad 


The Karolinska Institute in Stockholm, 
Sweden, is seeking scientists in 

four human-health research areas 

after receiving 522 million kronor 
(US$78 million) from the Swedish 
Research Council towards international 
hiring. The institute has already recruited 
four top scientists: two from the United 
States, one from the University of 
Oxford, UK, and one from Singapore. It 
is hiring researchers at all career stages 

to work in four centres that will study 
eating disorders, cancer, stem cells and 
regenerative medicine, and psychiatric 
genomics. Hans-Gustaf Ljunggren, 
Karolinska’s dean of research, says that 
the institute aims to expand and establish 
a stronger global presence. Birgitta 
Henriques-Normark, vice-dean for 
recruitment, is developing a strategic plan 
for hiring. 


JOB SHARING 


Game of clones 


Four faculty members proposed taking 
job sharing to new levels this month when 
they jointly applied for the position of 
president-vice chancellor at the University 
of Alberta in Edmonton, Canada. Twelve 
other faculty groups followed suit, and 

in their applications the groups took a 
light-hearted jab at the growing economic 
and social divide between faculty and 
administration. Kathy Cawsey, associate 
professor of English at Dalhousie 
University in Halifax, led the effort. None 
of the groups has been contacted for a 

job interview. 
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Ua SCIENCE FICTION 


ONE-SIDED ARGUMENT 


BY ALEX SHVARTSMAN 


ur arguments became one-sided 
() after the aliens crash-landed in 
Manhattan. 

“Tt was an accident,’ Colette says. “A tragic 
mistake. They didn’t mean to hurt anyone.” 

She prattles on and on like this. I sulk. 

There may be 7 billion people on Earth, 
but our planet is mostly uninhabited, full of 
vast empty spaces, even if you only count 
the landmass. So the odds of those octopus- 
looking bastards crashing in one of the most 
densely populated cities in the world are, 
what — some fraction of a per cent? A dark 
cosmic joke, except that there are 20,000 
dead people buried under the rubble, and 
their families aren't laughing. 

Colette only sees the best in people, even 
when they arent people at all. “They aren't 
perfect, but they arent evil, either. It was a 
rough landing; their ship almost disinte- 
grated on entry. It’s not like they wanted to 
kill anyone” 

Captain Sully managed to land a malfunc- 
tioning plane in the Hudson River some 
years back, and he was only human. These 
aliens, who built vessels capable of reaching 
another star, should have been able to do bet- 
ter. I bet they just didn't care. 

“Years from now, that day won't be 
remembered for the tragedy and the loss, 
but as the moment we finally learned that 
we arent alone in the Universe.” Colette can 
keep up her side of the argument for hours. 
Days, even. 
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The voice of reason. 


We're areal odd couple. I served two tours 
in Iraq, and she protested against the war. 'm 
quiet and she’s chatty. But it was her non-stop 
chitchat that got me through the nightmares 
and the shakes and all the other fun part- 
ing gifts I returned home with after the war. 
PTSD, the doctors called it. I called it hell. 

So I listen to her defend the aliens, and 
whenever I can no longer stand to hear it, I 
leave the house for a while. 

Idrive to Sunset Park, our favourite outdoor 
spot in Brooklyn from back when we were 
dating. We used to love coming here to take in 
the New York skyline. I sit at the bench where 
I proposed, and I stare at where the familiar 
contours of skyscrapers used to be. Manhat- 
tan still burns. Ash wafts across the water. 

The alien ship levelled several city blocks 
downtown. The devastation they caused 
is worse than any war. Worse than 9/11. If 
some terrorist did this with a suitcase nuke, 
wed be bombing their capital already. But 
these aliens, we just forgive them and wel- 
come them with open arms? This isn't right. 

I inhale the bitter smoke and it reminds 
me of death and pain and Fallujah. They 
can't get away with this. Somebody has to 
make the alien bastards pay. 

Back home, I stare at the arsenal laid 
out on the workbench in my garage. The 
GLOCK 19 handgun and AR semi-auto- 

matic rifle have been 
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since then. I’ve been busy. 

I can get close. I can walk right up to the 
police barricades that cordon off the ship, 
and I can push my way past New York’s 
Finest. They probably wouldnt try very hard 
to stop me; after dealing with the grieving 
families who show up there every day, the 
cops must hate the aliens nearly as much as 
I do. And when I get to the dozens of little 
octopuses repairing the hull of their ship, like 
they keep showing on the news, I can open 
fire. I bet I can take out a good number of 
them before anyone stops me. 

The only thing holding me back is Colette. 

She forgives them, utterly and without 
doubt. 

I pace across the garage, and allow 
Colette's voice to soothe me. 

Our arguments became one-sided after 
the aliens crash-landed in Manhattan. After 
their gargantuan spaceship crushed Colette's 
office building. They're one-sided because 
there's no use talking back to the dead. 

AllI can do instead is to honour her mem- 
ory as best I can; to do what I’ve done every 
day since I lost her. 

I take another longing look at the work- 
bench and walk out of the garage. I go back 
to the house, back to our bedroom, where 
Colette's scent still lingers. I close my eyes, 
listen to her voice inside my head, and try 
very hard to let her persuade me. = 


Alex Shvartsman is a writer and game 
designer from Brooklyn, New York. Read more 
of his fiction at www.alexshvartsman.com. 
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